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PREFACE 


T his book is the first of two volumes which together are 
intended to cover advanced general Electrical Engineering 
work in Technical Colleges and Schools. It is founded on a 
large part of the author's Continuous Current Electrical Engineering, 
first published in 1915, and on a smaller part of the author’s 
Alternating Current Electrical Engineering, first published in 1923. 

The main reason for this alteration in the order of treatment of 
the subject is the continued increase in the use of alternating 
currents. The consequence has been that this part of the subject 
is now introduced much earlier than before, in both evening and 
day courses. The change' has the advantage of enabling certain 
items, e.g. voltmeters, to be treated together instead of in two 
separate books. A further advantage is that revision has been 
much more thorough than can be done conveniently when merely 
altering an existing book. 

The fact that it has been found desirable to retain a great deal 
of the earlier matter is a proof of the soundness of the two earlier 
books. 

This volume is suitable for the first year of the Advanced Course 
for the Higher National Certificate; and for the second year of the 
Degree Course in Universities or University Colleges. It contains 
more than is included usually in such courses, but by suitable 
selection it can be adapted readily to the needs of the course in any 
particular Institution. The mathematical work remains as simple 
as is possible while providing a concise and sufficient explanation 
of the subjects. 

The symbols agree with the recommendations of the Inter¬ 
national Electrotechnical Commission. For those not settled by 
the LE.C. the choice has been guided by custom. Two special 
symbols have been adopted again, for “ number of turns,” and for 
“ number of ampere-turns (or atts).” A list of the symbols used 
is given on page viii. 
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Preface 


The author hopes that the present volume, while offering 
an improved arrangement, will be found to have retained the 
good points of the previous books, and thanks those readers and 
colleagues who have made suggestions for the improvement of the 
latter. 

Thanks are also due to the various manufacturing firms men¬ 
tioned in the text for the loan of blocks for some of the illustrations. 
Amongst these may be mentioned: The Cambridge Scientific 
Instrument Co., W. T. Glover and Co., Ltd., Union Electric Co., Ltd., 
Ferranti, Ltd., Dorman and Smith, Ltd., and the General Electric 
Co., Ltd. 


W. TOLME mCCALL. 
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LIST OF 

A = cross-sectioaal area. 

B = susceptance. 

B = flux'density. 

C = capacitance, 

d, D = diameter. 

E = electromotive force, or poten> 
tial difference. 

f = frequency (cycles/sec.), 
g = acceleration due to gravity. 

G == conductance. 

H = magnetic force, 

I = current. 

1 = length. 

L = inductance (self). 

M = mutual inductance, 

n = revolutions per minute, 
p = number of pairs of poles. 

P = power, or candle-power. 


SYMBOLS 

q, Q — quantity of electricity. 

R = resistance. 

R = reluctance, 

t = time, or temperature. 

T = torque, or temperature. 

V = velocity. 

V = potential difference. 

W = watts. 

X = reactance. 

V = admittance. 

Z ~ impedance, 

fi ~ permeability. 

p resistivity (specific resist¬ 
ance). 

^ = angle of lag or lead. 

0 = total magnetic flux, 

yr — ampere-turns (“ atts "). 

= number of turns in a coil. 


ABBREVIATIONS 


A.C. 

= alternating current. 

B.S.I. 

= British Standards Institution. 

B.S,S. 

= British standard specification. 

B.Th.U. 

= British thermal units. 

C.G.S. 

= centimetre-gram-second. 

C.P. 

= candle-power. 

D.C. 

= direct (or continuous) current. 

E.M.F, 

= electromotive force. 

F.P.S. 

= foot-pound-second. 

H.P. 

= horse-power. 

I.E.E. 

= The Institution of Electrical Engineers. 

M.H.C.P. 

= mean horizontal candle-power. 

M.S.C.P. 

= mean spherical candle-power. 

M.H.S.C.P. 

= mean hemispherical candle-power. 

M.M.F. 

= magneto-motive force. 

P.D. 

= potential difference. 

r.p.m. 

= revolutions per minute. 

Sp.Gr. 

= specific gravity. 


ABBREVIATIONS AFTER NUMBERS 

A. = amperes. kWh. kilowatt-hours. 

kV. = kilovolts. V. volts. 

kVA. = kilovolt-amperes. pF. microfarads. 
kW, = kilowatts. = cycles per sec. 


ABBREVIATIONS AFTER QUESTIONS AND EXAMPLES 

C. & G., I. = City and Guilds of London Institute examination in Electrical 
Engineering Practice, Preliminary Grade. 

C. & G., 11 . = City and Guilds of London Institute examination in Electrical 
Engineering Practice, Intermediate Grade. 

Lond. Univ., El. Eng. = The University of London final examination for the 
B.Sc. (Engineering), paper on " Generation, Transmission and Utilisation 
of Electrical Power.” 

Lond. Univ,, El. Mach. = The University of London final examination for the 
B.Sc. (Engineering), paper on “ Electrical Machinery and Design.” 

Lond. Univ., El. Tech. = The University of London final examination for the 
B.Sc. (Engineering), paper on ” Electrical Technology.” 
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CHAPTER I.-INTRODUCTORY 

1. Introductory 

These volumes give an account of the principles and general 
practice in connexion with the apparatus for the generation, 
distribution, and use of electrical energy by means of electric 
currents. Little is said about the nature of electricity itself, since 
this, though of great interest, is not of direct importance to the 
electrical engineer. What he requires is a knowledge of the best 
methods of production, control, and utilisation of electrical energy 
(see, however, Art. 7). 

A general' description of a typical electrical supply system is 
given in this chapter, thus presenting a framework into which the 
more detailed treatment of the later chapters can be fitted. This 
description may be postponed if desired, but its perusal should add 
interest and unity to the study of the rest of these volumes. 

2. The Advantages of Electricity 

The main uses of electricity may be divided into [a) lighting, 
(6) heating and cooking, (c) traction, (d) other power uses. Every 
one is familiar with one or more of these ways of employing 
electricity, and the completion of the electrical “grid” has brought 
these to the attention of most people in Great Britain. 

For lighting, electricity compared with other methods (of which 
gas is the chief) has the advantages of greater cleanliness, conveni¬ 
ence, and adaptability, and less heat, and in many cases it is cheaper. 
The last is a vexed question, but even when " gas ” is cheaper than 
'' electricity ” the indirect savings from the use of the latter more 
than balance the direct difference in price. Much the same 
considerations apply to the use of electricity for cooking and heating. 

For tramway work electricity has become nearly universal. It 
enables higher speeds and larger cars to be used than were possible 
with horse traction. The main rival of the electric tram is the 
petrol motor-bus, whose total running costs (including depreciation 
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and inter.est on capital) are usually higher, except possibly on 
specially good roads or where an infrequent service is sufficient. 
Even for these cases a good alternative is the electric trolley-bus, 
which obtains its power from overhead wires but runs on the 
ordinary road surface. 

For power purposes the main advantages of electricity are its 
adaptability to. all purposes, the simplicity of its use, the abolition 
of much shafting, etc., and its economy (see Art. 3). The electric 
motor can be started and stopped, and have its speed varied, with 
ease and safety even by unsldlled labour. Extensions can be 
made readily, or one part of a factory may be run economically 
alone if this is required. 

3. Central Station Supply 

“ Electricity ” is generated by dynamos (or generators), which- 
in the United Kingdom are nearly always each driven by a steam 
(or gas or oil) engine. A number of such “ generating sets ” are 
placed in a central station together with the boilers for supplying 
steam to the engines, a switchboard for regulating and measuring 
the electric currents, and auxiliary apparatus of various sorts. 
Thence a number of cables run, conveying the current to and from 
the lamps and motors, etc., where it is required. Water power, 
when available, is used instead of steam, but the electrical arrange¬ 
ments are not altered by this substitution. 

With water power some form of transmission is required, because 
the power is as a rule some distance from the place where it can be 
directly used. Electricity is much the best means of effecting the 
necessary transmission, being more ef&cient and economical than 
any other method except for very short distances. 

It is not, however, immediately apparent what advantage trans¬ 
mission from steam-driven generators to electric motors has over 
the use of steam engines to do the work directly. In the former case 
there are losses in the electrical generators and motors and in 
transmission, in addition to the steam-engine losses which occur in 
both cases. The advantages, which more than counterbalance these 
losses and make electric power cheaper than steam (or gas or oil) 
power in most cases, are as follows:— 

{a) Large steam engines are more ef&cient than small ones. A 
central station supplying a number of factories can use larger 
engines than any of the factories, and so generate its power more 
cheaply. 



Generators and Switchboard 

(6) The cost of engines does not increase as fast as their power; 
or in other words, the cost per horse-power decreases as the size of 
the engine increases. Since interest must be paid on the capital 
cost, and depreciation allowed for, this means a further sa\dng by 
the use of large engines. 

(c) The cost of attendance is less for a few big engines than for 
a larger number of smaller ones of equal total power. 

[d) The maximum power which the central station has to supply 
is less than the sum of the separate maxima required by the various 
consumers supplied from the station. If every consumer required 
his maximum power at the same instant the station would have to 
supply the sum of all the maxima, but as this is never the case in 
practice, the station maximum is less than this. 

This results in a further saving of capital cost to the station and 
a diminution in the cost of power. The greater the variety of the 
load the greater this saving. 

In addition to these main advantages there are certain others 
which often occur, e.g. the possibility of placing the station where 
a good supply of cooling water is available for the condensers, and 
where coal can be obtained cheaply; or the employment of special 
apparatus to effect economy of labour, coal, etc., which would not 
be suitable for work on a small scale. 

The effect of all these factors is to make it more economical in 
very many cases to generate mechanical power by steam engines 
in a central station; to convert this into electrical power by 
electrical “generators”; to transmit the electrical power some 
miles; and finally to reconvert it into mechanical power by electric 
motors, than to generate the mechanical power by steam engines 
at the place where it is required. 

4. Generators and Switchboard 

Generators are now always directly coupled to the engines which 
drive them. A station may contain from two to tw’enty of them. 
When the number is large their sizes will differ as a rule. It is then 
generally possible to arrange matters so that each generator works 
at an output approaching its full load during most of the time that 
it is running. This is advantageous because the efficiency of all 
generators falls off at light loads. As the power taken by the 
motors and lamps increases or diminishes fresh generating sets are 
started up or some of those running are stopped, and thus the 
above condition can be realised nearly always. 
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SECTIONAL ELEVATION. 



A A, Coal Bunkers. 
B B, Boilers. 

C, Condenser. 


F, Flue. 

G G, Generators. 

S, B, Switchboard. 


T. T. Turbines. 


Tig. 1 . 01 . —General Arrangement of Central Station. 
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Leads are taken from each generator to the switches, which are 
actuated from the control room. Here the currents from the various 
generators are measured and can be regulated, and the generators 
connected to, or disconnected from, the supply mains. From this, 
too, run the mains to the various points where the electrical power 
is utilised. The currents in these are measured too, and they can 
be disconnected from the generators if desired. Other instruments 
measure the pressure at which the electricity is supplied, the total 
amount of energy supplied, and so on. 

Fig. i.oi shows the general arrangement of a typical central 
power station. 

5. A.C. Generation 

The great majority of large central stations are worked on the 
alternating current system (usually of the three-phase variety) 
particularly when the distance of transmission exceeds a few miles. 
The chief exceptions to this are a number of places in Switzerland 
where the high pressure D.C. system is used (see VoL IL). For 
economical transmission to long distances a high pressure is essential 
(see Chap. XVIIL, Art. 3). The pressure of alternating currents 
can rea<ily be raised or lowered by means of static transformers 
which have no moving parts and so require httle attention; moreover, 
their efficiency is very high. This explains the preference given 
to A.C. for long distance work over direct currents which 
necessitate rotating machinery for pressure changes. 

The methods of generation of A.C. electric power do not differ 
essentially from those employed in D.C. stations except that 
alternators (i.e. A.C. generators) are employed instead of D.C. 
generators. For the extra high pressures (20,000 volts to 200,000 
volts), used for very long transmission distances, a minor difierence 
is that the alternators are wound for a moderately high pressure 
which is then increased by transformers to the higher pressure used 
for transmission. 

The differences in the switchboard arrangements are due chiefly 
to the higher pressures employed and to the differences between 
the two types of generator. 

All the purposes for which D.C. is used can be carried out by 
A.C. except electro-chemical work, including in this term the 
charging of accumulators. Even this class of work can be per¬ 
formed by A.C. with the assistance of rectifiers. 

For lighting, whether by incandescent or other lamps, each method 
of supply has its advantages and corresponding disadvantages. 
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For heating and for cooking there is no difference of importance 
between the two, except in some special A.C. cookers. 

For factory driving and similar power work, again each system 
has its advantages. For constant speed work the A.C. induction 
motor is the better, but if the speed has to be varied the D.C. 
shunt-wound motor is more convenient and more efficient. 

For trams the D.C. series motor is supreme. But for trains the 
monophase A.C. commutator motor is a strong competitor, and 
for mountain railways the three-phase induction motor has many 
advantages. .. , 

6 . The Supply Network 

Tliis includes all the electrical conductors by which electrical 
power is transmitted from the central station to the buildings where 
it is required; there to be converted into mechanical power by 
motors, or into light by electric lamps, or into some other useful 
form of power. These conductors may be divided into three 
classes— 

(a) feeding cables or feeders,’' (i) primary, (ii) secondary; 

( 5 ) distributors ”; 

(c) service mains.” 

The primary feeders are pairs of cables which run from the 
central station to sub-stations. Here the pressure is reduced by 
static transformers, and the secondary feeders connect the sub¬ 
stations to various places called feeding points. If distribution is 
to be by D.C. the sub-stations must contain in addition either 
rotating machines or some form of rectifier. Each pair of cables 
consists of a “ lead ” (called alternatively in the case of D.C. a 
positive feeder) and areturn ” (or for D.C. a negative feeder). No 
branch is taken from any feeder at any point along its length. 

From each feeding point a number of pairs of distributors (a 
lead and a return) are run along the streets. In many cases a pair 
of distributors is connected to a feeding point at each end, but in 
other cases the distributors run from one feeding point into an 
outlying district. The distributors are branched when necessary, 
and some of them may be connected directly to the sub-station 
if power is required in its vicinity. To them (never to a feeder) the 
service mains are connected. These each consist of a pair of short 
lengths of cable of smaller size than the distributors, one connected 
to a positive distributor and the other to the corresponding negative 
distributor. They end at the main terminals of a factory or other 
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building. From these main terminals another series of conductors 
starts carrying the current to and from the motors, lamps, etc., 
and forming the wiring of the building. 

7. Theory of Matter 

The atoms of the various chemical elements are built up of 
electrons and protons. The former may be called an atom of 
negative electricity and cannot be subdivided by any known 
method. One coulomb contains about 6-4 x 10^® electrons. The 
mass of an electron is about 1/1800 of that of the lightest known 
atom, hydrogen, which itself is 1-63 x lo-^^ grm. 

The proton is an atom of positive electricity, or of positively 
electrified matter, of the same quantity as the electron but of a 
mass nearly equal to that of an atom of hydrogen. 

The normal atom of hydrogen consists of one proton with one 
electron rotating about it at a distance of the order of io“® cm. 
This minute distance is, however, about 100,000 times the diameters 
of the proton and the electron, so that a model of a hydrogen atom 
might consist of a cricket ball with a soap bubble of equal size 
rotating round it at a distance of two miles. 

Atoms of heavier elements consist of a nucleus of several protons 
and a smaller number of electrons all close together, and a further 
number of electrons (making them up to the number of protons) 
rotating about the nucleus. 

In addition there has been discovered the existence of uncharged 
particles of almost exactly the same size and mass as protons, and 
these are called neutrons. The neutron may be a proton with an 
electron embedded in it; or the neutron may be the more funda¬ 
mental of the two. The distinction between these possibilities is 
immaterial for the purposes of these books. 

In some substances two or more different forms (called isotopes) 
are found. These have the same number of protons in their 
nucleus, but different numbers of neutrons. Their chemical 
behaviour depends on the number of protons and so is alike, but 
their atomic weights depend on the sum of the protons and 
neutrons and so differ. 

In a molecule of two or more atoms the nuclei are separate, but 
the rotating electrons are shared so that the atoms are bound 
together to an extent which varies according to the molecule. 

Under certain conditions a molecule may lose one or more 
electrons and so become positively electrified, or may acquire more 
than its normal number and so become negatively electrified. 
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8. The Electric Current 

This consists of the movement of electricity, but its nature differs 
in the various types of substance. Those in which continuous 
movement is possible are called conductors. 

Gases normally are insulators, but may have free electrons 
produced in them, e.g. by ultra-violet light, and are then said to be 
ionised. Under electric stress free electrons move from negative to 
positive, accompanied by a slower counter-movement of positively- 
electrified molecules. 

In conducting liquids the substance is split up into positively- 
and negatively-electrified ions, e.g. in copper sulphate (CUSO4) 
positive ions of copper move with the electric stress, and negative 
ions of sulphuric radicle (SO4) move against it. 

Probably conducting solids contain a large number of free 
electrons which cannot leave the body except at high temperatures. 
Under electric forces these move within the body and give rise to 
the phenomena summarised by saying that an electric current is 
flowing in the solid (in the opposite direction to the general motion 
of the electrons since they are negative electricity). The electrons 
collide with the molecules of the solid, and so use up electric energy 
which is converted into heat. 

9. Insulators 

A gas when not ionised is a perfect insulator, i.e. it prevents any 
continuous movement of electricity through it. A liquid is an 
insulator when it cannot be split up into ions. None are perfect 
since they permit a small current to flow, probably due to the 
presence of a few free electrons. • 

Similarly, solid insulators permit very little current to flow (see 
Chap. III., Art. 9) but do not prevent it completely. These small 
currents are called conduction currents. 

In all insulators electric stress produces electric displacement. 
This means that the orbits of the planetary electrons are displaced 
relative to their nuclei. The result is that the mean positions of 
the electrons are moved a distance proportional to the electric stress 
(cf. definition of capacitance. Chap. II., Art. i). 

When the stress is removed the electrons return to their original 
orbits, i.e. the displacement is restored. This may not occur 
immediately, and thus gives rise to what is usually called dielectric 
hysteresis. 



CHAPTER II 

UNITS AND STANDARDS 


I. The C.G.S. Electromagnetic System of Units 

Since all the practical electrical units are obtained from the 
centimetre-gramme-second (C.G.S.) units by multiplying or dividing 
by some power of lo, it is convenient to summarise the latter briefly. 

Unit magnetic pole is that which experiences a repulsion of i 
dyne when placed in air i cm. from a pole of equal strength. 

If a current flows in a conductor forming an arc i cm. long and 
of I cm. radius its strength in C.G.S. units is numerically equal to 
the force in dynes which it exerts on unit pole at the centre of the arc 
Unit quantity of electricity passes across every cross-section of a 
circuit in each second when unit current is flowing in the circuit. 
When the current is constant this is expressed by the formulae— 

Q = i.^ 

and I = 

When the current is variable— 

and the current at any instant = • 

The difference of electric potential (P.D.) between two points, 
P and Q, is the number of ergs of work done in transferring unit 
quantity from one point to the other. 

If in moving from P to Q work is done against the electric forces, 
Q is said to be at a higher potential than P: if work is done by the 
electric forces, Q is said to be at a lower potential than P. Hence 
positive electricity always tends to move to points of lower potential. 

If a unit charge is carried round a complete circuit the total 
number of ergs of work done is called the electro-motive force (E.M.F.) 
in that circuit. 

The relation between E.M.F. and magnetic lines is dealt with in 
Chapter VIII. 

N.B.—E.M.F. and P.D. are measured in the same unit, viz. ergs 
per unit quantity, but they are not identical (see Chapter VIII.. 
Art. 8, and Chapter XL, Art. 15). 
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The electrical 'power in a circuit or in part of a circuit is El, 

where E = the E.M.F. in the circuit, 

or the P.D. between the ends of the portion considered 
and I == current flowing in the circuit. 

For the power is the work done per second, 
and E = ergs of work done on unit quantity, 

I = number of units of electricity passing per second. 

Similarly the amount of electrical work done in a circuit during 
any period = EQ, 

where Q = quantity of electricity which has passed each point 
of the circuit during the period. 

The Redsta'nce of a body is measured by the P.D. which sends 
unit current through the body. 

Inductance is measured by the number of magnetic linkages 
produced by unit current. An alternative definition is given in 
Chapter V,, Art. 7. 

Capacitance is measured by the quantity contained when charged 
to unit P.D. 

2. The Practical System 

The following table gives the names of the chief practical units 
and their relations to the corresponding C.G.S. units:— 


Quantity 

Symbol 

Name of Unit 

Equivalent 

IN C.G.S. Units 

Current 

I 

Ampere i 

o-i 

Quantity 

Q 

Coulomb 

0*1 

Potential 

E 

Volt 

10® 

Power 

P 

Watt 

10’ 

Work 

W 

Joule 

10’ 

Resistance 

R 

Ohm 

10® 

Inductance 

L 

Henry 

10® 

Capacitance 

C 

Farad 

I 0 “® 


Most of the C.G.S. units have no special name, but the C.G.S. 
unit of work is the erg (or centimetre-dyne). (See Art. 4.) Some 
writers use the names of the practical units with the prefix ab-; 
e.g, an abampere means the C.G.S. unit of current, i.e. 10 amperes. 

The factor 10^ for the volt was chosen in order to make the volt 
as nearly as possible equal to the E.M.F. of the Daniell cell (used 
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as a standard in the early days of electricity), while retaining a 
power of 10 as the multiplier. 

Similarly lo® C.G.S. units of resistance are nearly equal to the 
resistance of a column of mercury i metre long and of i sq. mm. 
cross-section (see Art. 3), the old Siemens unit of resistance. 

( 10® \ 

= in order 

that the relation 



may still hold good without introducing any constant. 

The remaining equivalents are obtained in the same way from 
the relations between these three and the remaining quantities. 

3. Prefixes 

In addition multiples and submultiples of the above units are 
employed for convenience, their names being obtained by attaching 
the following prefixes to the corresponding unit:— 


Prefix 

Meaning 

Mega- 

A millioa 

Kilo- 

A thousand 

Deci- (unusual) 

A tenth 

Centi- 

A hundredth 

Milli- 

A thousandth 

Micro- 

A millionth 


Thus a megohm means 1,000,000 ohms, or lo*^ ohms, 

a kilowatt „ 1000 watts, or 10® watts, 

a centiampere „ *01 ampere, or lo"® A. 

a millivolt „ *001 volt, or lO"® volt, 

a deci-milliampere „ -oooi ampere, or A, 

a microfarad ,, -oooooi farad, or io~® farad. 

4. Gravitational Units 

The C.G.S. unit of force is the dyne, but the weight of i gramme 
is also used as a unit. The relation between the two differs accord¬ 
ing to the situation on the earth, because the gravitational pull of 
the earth on a given body is not the same at all places. If g is the 
acceleration in cm. per sec. per sec. of a body falling freely at any 
place, then 

the weight of i gramme = g d5mes (at that place). 
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The variation in the value of g amounts to about i per cent., 
and its value is approximately 980 cm. per sec.l 

Similarly two units of work are used. The “ absolute unit is 
the erg, which is the work done by a force of i dyne in moving a 
body I cm. in the direction in which the force is acting. The 
" gravitational ” unit is the centimetre-gramme, which is the work 
done in raising i gramme through a height of i cm. against gravity. 

Therefore— i centimetre-gramme = g ergs. 

A body or system of bodies is said to possess energy when it is 
capable of doing work. Consequently the same units are used for 
measuring energy as for work. 

The units used for measuring power (i.e. rate of doing work) are 
the erg per sec. and the cm.-g. per sec. respectively. 

In the F.P.S. system the corresponding units are— 

" Absolute ’’ unit of force .. Poundal. 

" Gravitational ” unit of force .. Pound weight. 

“ Gravitational unit of work .. Foot-pound. 

„ „ power .. Foot-pound per sec. 

The weight of i pound = g poundals, as above, but in this case 
g must be expressed in ft. per sec.^ and therefore is about 32. 

Other units of power often employed are— 

The Horse-power = 33,000 ft.-lb. per minute, or 550 ft.-lb. per 
sec. 

The French (or Metric) Horse-power (Force a cheval) = 75 
metre-kilogrammes per sec. 

The electrical units are (see Art. 2) the joule (= 10 megergs) for 
work or energy, and the watt for power. The joule is often called 
the watt-second. For large amounts of energy the kilowatt-hour 
(also called the Board of Trade unit and sometimes the kelvin) is 
employed. 

Evidently i kWh. = 1000 X 60 X 60 = 3*6 x 10® joules. 

Example i. Define one horse-power. Having given that the length of one 
foot equals 30-48 centimetres, that the mass of one found equals that of 453-6 
grammes, and that the acceleration of gravity {at London) is 32*2 ft. per second 
{per second*), deduce that one horse-power is [approximately) equal to 746 watts 

[C. & G., II. 

One horse-power is the doing of work at the rate of 33,000 ft.-lb. per 
minute, i.e. at the rate of 550 ft.-lb. per second; 

^ H.P. = 550 X 30*48 X 453 '^ centimetre-grammes per second. 


* Omitted in original question. 
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Again, the acceleration due to gravity at London is (32*2 x 30-48) = 981 
centimetres per second per second; 

I gramme weight = 981 dynes; 

I H.P. = 550 X 30-48 X 453-6 X 981 centimetre-dynes (or ergs) per 

second 

= 7-46 X 10® ergs per second 

= 7-46 X io 2 watts = 746 watts. 

Example 2. An electric lift, with a cab or body weighing ^ ton and a balance 
weight 0] 2 tons, takes a load of 3 tons to a height of 60 feet in 30 seconds, 
returning empty in the same time. The efficiency of the motor and gearing for 
the raising of the dead weight is 75 per cent, in either direction. If it makes 
20 double journeys per hour, how many kilowatt hours will be consumed in an hour ? 

[Lond. Univ. 

In going up the weight raised is3 + i-“2 = i^ tons. 

In returning the weight raised is 2 — ^ ~ tons. 

Therefore in each case the work done is x 2240 x 60 = 201,600 ft.-lb.; 
the energy supplied to the motor in a double journey 
100 

= 201,600 X 2 X == 537,600 ft.-lb. 

Now 550 ft.-lb. = I H.P.-sec. = 746 watt-seconds (or joules); 

746 

energy per double journey = 537,600 x ^ 729,100 watt-seconds; 
energy consumed per hour = 729,100 x 20 watt-seconds 

_ kilowatt hours = 4-05 kWh. 

3,600,000 ^ 

N.B.—^This is equivalent to saying that the average power taken is 
4-05 kW. Since it is at work during 20 minutes in the hour, the average 
power taken during w^orking is 12-15 

5. Legal and International Standards 

The international ohm is the resistance at 32° F. (0° C.) of a 
column of pure mercury 106-300 cm. long and weighing 14-4521 
grm. (thus having a cross-section of i sq. mm,). 

The legal ohm is the resistance at 16*4° C. between terminals of 
a " Standard Ohm ” kept at the National Physical Laboratory. 

This was verified in. 1894, and again in 1909 against a mercury 
ohm. As a result of the later verification the standard temperature 
was altered from its previous value of 15-4° C. to its present one. 

The international ampere is the current which deposits i-ii8oo 
milligrammes of silver per second when passed through a solution 
of silver nitrate. 

The legal ampere is the current which gives a certain reading 
on a standard ampere balance kept at the National Physical 
Laboratory. This balance was, however, standardised by the 
deposition of silver. 
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The international volt is the P.D. which sends a current of 
I ampere through a resistance of i ohm. It may further be taken as 

—of the E.M.F. of the Weston cadmium cell at 20° C. (see 
1*0183 

Art. 9). 

The legal volt is i^^yth of the P.D. which produces a certain 
deflexion on a standard electrostatic voltmeter kept at the National 
Physical Laboratory. As in the case of the ampere balance the 
voltmeter is intended to give the same result as the international 
definition. 

The limits of accuracy obtainable (in the equalisation of the 
international and legal units) are: for the ohm, within one-hundredth 
of I per cent.; for the ampere and the volt, within one-tenth 
of 1 per cent. In comparison the errors can be kept within one- 
tenth of these amounts. 

The remaining units are obtained from the above three. 

6. Practical Standards of Resistance 

The mercury standard is inconvenient for ordinary use: hence 
the standards employed are made of wire, or, if they have to carry 
considerable currents, of metal strips. The metallic alloys usually 
employed are platinum-silver or manganin for the highest class of 
work, and German silver, platinoid, constantan, and a number of 
patented alloys for less exact purposes. The material used should 
possess— 

(а) a resistance unaffected by the lapse of time, 

(б) low temperature-coefficient, 

(c) strength and ductility, 

(d) high resistivity. 

For details of the above materials see Chapter III., and for 
examples of standards and their use see Chapter VII. 

7. Ampere Balance 

The ampere balance mentioned in the legal definition of the 
ampere (Art. 5) is a special type of the Kelvin ampere balance. 
These are made in a variety of sizes, and form very accurate 
standards of current. One pattern is illustrated in Fig. 2.01, this 
particular size being suitable for currents from J amp. to 10 amp. 
Its action depends on the mutual attractions and repulsions of four 
fixed and two movable coils (see Fig. 2.01), through all of which 
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Fig. 2 . 02 .—^Diagram of Connexions of the 
Kelvin Balance. 

a a a a, Fixed coils. & I, Moving coils, 
c c, Suspension ligaments. 


the current passes, its 
direction being as indi¬ 
cated in Fig. 2.02. Note 
that the current is in op¬ 
posite directions in the 
two moving coils, so as to 
eliminate the effect of 
any uniform field due to 
external causes, such as 
the earth’s magnetism. 


The two moving coils are attached to a beam which is supported 
at its centre by fine wire ligaments. All the electric forces on the 
moving coils tend to make the right-hand end of the beam rise and 
the left-hand end fall: it is brought back to its zero position by 
means of a sliding weight. The current is then calculated from the 
movement of the weight which is read on the uniformly divided 


movable scale. 


Since the current passes through both fixed and movable coils 
and there is no iron in the instrument, the deflecting couple is 


proportional to (current) ^ The restoring couple due to gravity is 
proportional to (weight x its displacement). 

Hence when balance is obtained 


or 


current oc '\/{weight X displacement} 
current == constant x V displacement, 


the constant depending on the dimensions of the coils, and on the 
square root of the weight. The weights supplied are adjusted so 
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that the constant is a simple number, and with each balance four 
sliding weights and four counterpoise weights are supplied. These 
give four ranges of current, with constants in the ratios i : 2 : 4 : 8. 
The sliding weights (see Fig. 2.03) are arranged to fit on to the 
carriage (which itself forms the first sliding weight) by means of a 
hole and a slot fitting on to conical pins. Their weights must be 
respectively 3* and 63 times that of the carriage, while the 
counterpoises are r, 4, 16, and 64 times the weight of the carriage: 
these latter consist of brass cylinders with pins through (Fig. 2.03), 
and are carried to an aluminium trough attached to the right-hand 
end of the movable system. For fine adjustment of the zero there 
is a small metal flag attached near the centre of the beam. This 
can be moved by a fork actuated by a handle (Fig. 2.01, H) outside 
the instrument case, and thus the beam is caused to balance at its 
zero (or “ sighted position with no current passing and with the 
sliding weight at zero. 

' For approximate readings there is a fixed scale, called the 
“ inspectional'' scale, behind the movable one (Fig. 2.01). The 
numbers on this are each twice the square root of the corresponding 
number on the movable scale, and so are directly proportional to 
the amperes. For more accurate results the reading is taken on 
the movable scale, and the doubled square root obtained from the 
table supplied with the instrument: this gives the reading on the 
fixed scale without any possibility of parallax error. 

In Rayleigh’s form of primary standard current balance two 
(not four) fixed coils are used, of equal size and at a distance apart 
equal to their radius. This makes the field near the midway plane 
almost uniform. The moving coil is half the radius of the fixed 
ones, which results in making the constant of the balance depend 
mainly on the ratio of the radii. It thus becomes possible to 
calculate with great accuracy from the dimensions the weight 
required to restore equilibrium when i ampere in the fixed coils 
is reversed. 

8. The Daniell Cell 

For specially accurate work the volt is obtained from the 
standards of resistance and current; but for ordinary laboratory 
purposes standard cells are employed (see Art. 5). The Daniell 
cell was the earliest of these, and still is used occasionally. The 
cathode, i.e. the portion to which the positive terminal is connected, 
consists of copper, and is in contact with a saturated solution of 
copper sulphate, to which i per cent, of sulphuric acid is added. 


E. E., VOL. I 
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The anode consists of zinc, in a solution of zinc sulphate or dilute 
sulphuric acid or a mixture of the two. The two liquids are kept 
separate by a porous partition. In one pattern (see Fig. 2.04) the 
copper cathode forms the outer cylindrical vessel containing the 
copper sulphate, while the zinc and its solution are contained in an 
inner porous pot. There is a shelf inside the copper vessel on which 
copper sulphate crystals may be placed so as to keep the solution 
saturated. The chemical actions are as follows:— 

In the porous pot: 

Zn+H 2 S 04 = ZnS 04 -f-H 2 
Zinc + Sulphuric acid = Zinc sulphate -f Hydrogen. 

In the outer vessel; 

Hg + CUSO4 = H2SO4 + Cu 
Hydrogen + Copper sulphate = 
Sulphuric acid + Copper. 

The copper is deposited on the inner 
surface of the copper vessel so that there 
is always a freshly formed surface present. 
The hydrogen does not appear, combining 
with the CUSO4 as fast as it is set free. 
The amount of sulphuric acid present is 
constant. 

The copper sulphate is decomposed, 
but is replaced by the dissolving of the 
crystals on the shelf. Zinc sulphate is 
formed and crystallises out if sufficient 
electricity passes through the cell. For 
this reason, and because the liquids 
gradually difiuse into each other, it is 
advisable to set up the cell afresh each 
time it is required for standard purposes. 

The E.M.F. of this cell is from 1*04 volt to i-io volt at 15° C. 
(59° F.) according to the strengths of the solutions used. The 
E.M.F. is increased by strengthening the copper sulphate solution 
or by weakening the zinc sulphate solution. If the former is of 
Sp. Gr. i-ioo and the latter of Sp. Gr. 1-200 (which are the strengths 
recommended by Fleming for standard purposes), the E.M.F. is 
1*072 volt. This E.M.F. increases by about -00004 volt for each 
1° C. rise of temperature, i.e. the temperature coefficient is negligible 
for all ordinary temperatures. 
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9. The Clark and Weston Cells 

Owing to the drawbacks of the Daniell cell as a standard its 
place has been taken almost entirely by the Clark and Weston cells. 

The Clark cell is on the same principle as the Daniell, but the 
copper is replaced by mercury. Consequently the copper sulphate 
is replaced by mercurous sulphate (HgSOJ. This has the advantage 
that it is much easier to ensure the purity of mercury than of copper. 

The E.M.F. of the Clark cell is 1-433 volt at 15° C., and it 
decreases by about -ooii volt per ® C. rise of temperature. The 


-4- Positive 


Negative 


Cadmium sulphate 
crystals 

Cadmium and mer¬ 
cury amalgam 



Fig. 2.05 .—Weston Standard Cell. 


figure given in the Board of Trade specification of 1897 was 1-434 
volt at 15° C., but later comparisons with the ohm and ampere 
standards have shown this value to he too high. 

The Weston or Cadmium cell differs from the Clark in the use 
of cadmium in the place of zinc, and of cadmium sulphate (CdSOj) in 
the place of ZnSO,. The H-form, due to Lord Rayleigh, is shown 
in Fig. 2.05. The one shown is made by H. Tinsley and Co., and 
has the advantage of being hermetically sealed. 

Its E.M.F. is 1-0183 volt at 20° C., and it has the advantage of 
a much -imaller temperature coefficient than the Clark cell. The 
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value of this for the Weston cell is under -00004 volt decrease per 
° C. rise, which is negligible for ordinary purposes. 

Weston cells, when made carefully, agree in their E.M.F.s 
within about i part in 40,000. 

For examples of the use of standard cells see Chapter VII. 

10. Standards of Inductance 

Primary standards of self-inductance consist of single layer coils 
whose inductance can be calculated accurately from their dimen¬ 
sions. They are made of hard-drawn bare copper wire wound in a 
screw thread cut on a marble cylinder. Standards of mutual 
inductance are used more often. They consist of a primary coil of 
the above construction with a secondary coil of short axial length 
placed over the centre of the primary. From the dimensions and 
numbers of turns in the coils it is possible to calculate the magnetic 
linkages produced in the secondary by unit current in the primary 
(cf. Chapter IV., Art. 30). 

For secondary standards, whether of self- or of mutual induc¬ 
tance, the dimensions need not be known but should be permanent. 
Consequently multilayer coils can be used, the wires being fixed in 
position by paraffin wax or other means. 

Laboratory standards are made adjustable over a range by 
altering the relative position of two coils. 

11. Standards of Capacitance 

Primary standards are air condensers of accurately known 
dimensions, whose capacitance in electrostatic units is 

4'ir X (total area of each plate)/(distance between plates). 

Air is used because it is the only insulator whose permittivity 
(see Chapter III., Art. 10) is known with sufficient accuracy. 
Primary standards have capacitances of the order of 100 micro¬ 
farads. 

For secondary standards the dimensions need not be accurately 
known provided they remain constant. Hence each electrode can 
be made of a number of plates connected together, and capacitances 
up to 0*02 microfarad can be constructed conveniently. 

For laboratory standards condensers with mica as the dielectric 
are used. The higher permittivity of mica reduces the bulk of a 
given capacitance; moreover for high pressure work its higher 
dielectric strength permits of a shorter distance between plates, 
which reduces the bulk further. 



Inductance and Capacitance Standards 


21 


QUESTIONS ON CHAPTER 11 . 

1. Define the units commercially used for current, electromotive force, 

resistance, power, and energy. TOat is the electrical equivalent of a 
mechanical horse-power ? [C. & G., II. 

2. Define: Watt, joule, kilowatt-hour, calorie. Prove that i H.P. = 746 
watts, and find the distance that one kWh. could raise i ton, with 100 
per cent, efficiency. 

3. A steady current is passed through a silver voltameter for half an hour 
and deposits 3.162 grammes of silver. What is the value of the current ? 

4. Describe the method of action of the Kelvin ampere balance. Explain 
why it is suitable for use as a standard, and discuss its advantages and 
disadvantages for this purpose compared with the silver voltameter. 

5. Give a full description of one form of the Weston standard cell. Why 
is it to some extent preferable to the Clark cell ? 



CHAPTER III 

CONDUCTORS AND INSULATORS 
I. Resistivity and Conductivity 

The object of Conductors is either {a) to guide electrical energy 
to the place where it is to be utilised, or [h] to control and regulate 
electric currents and pressures. 

In the former case resistance is a drawback as it entails waste of 
part of the energy. In the latter case, ie. in rheostats or resistors, 
resistance is necessary and useful since the desired control is 
obtained by varying the resistance. In both cases the specific 
resistance (or resistivity) of the material employed is of importance. 
This may be stated in a variety of ways. 

Since R oc where I = length of conductor, A = cross- 
A 

sectional area of conduc+'^’r; 



where p is constant for any material, at a constant temperature 
(see Art. 3). This constant p is the resistivity of the material. It 
is sometimes called the volume-resistivity, to distinguish it from a 
second method of stating this quality (see below). 

The name is not a good one, since the resistance of a given 
volume is not constant, but depends on the form of the conductor 
as well as on its material. 

The numerical value of the resistivity (/>) of a particular material 
depends on the units employed for I and A. Thus if I is in centi¬ 
metres and A is in sq. cm. p must be the resistance of a conductor 
I cm. long and i sq. cm. cross-section, and is called the resistivity 
per centimetre cube* {not per cubic centimetre). Frequently it is 
expressed in microhms instead of in ohms so as to avoid a string of 
o’s following the decimal point (see Table A, page 60). In 
Europe the general method is to state p as the resistance of a 
wire I m. long and of i sq. mm. cross-section, the values thus being 
10^ times as large as those “ per cm. cube,” and so better expressed 
in ohms. 


A better name is ohm-centimetre (or microhm-cm.). 
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If inches are used instead of centimetres p is stated “ per inch 
cube/’ and its value is *3937 (or 1/2-54) oi its value as above (see 
Table A). 

Another way, largely used in America, and particularly useful in 
calculations for round wires, is to state p “ per mil-foot,” i.e. the 
resistance of a wire i ft. long and i mil (*ooi in.) in diameter. This 
avoids the introduction of the multiplier 77/4 in calculating the area 
of round vdres, for the unit of area in this case is the circular mil 
(a circle of i mil diameter) and the area of a wire of d mils diameter 
is d'^ circular mils. 

The second method, referred to above, is to state the resistance 
of a wire of the material of unit length and uniform cross-section 
and of unit mass, e.g. of i m. length and weighing i grm. 

This is called the mass-resistivity, and the relation between this 
and the volume-resistivity depends on the density of the material 
as well as on the units employed; for the greater the density the 
smaller the cross-section of a wire of fixed length and weight. 
(See Example i and Art. 2.) 

The conductivity of a material is the reciprocal of its resistivity. 
Only relative conductivities are used in practice, either annealed 
silver or standard copper (see Art. 2) being taken as having a 
conductivity of 100. 


Example l. The volume-resistivity of a certain metal is ii*6 microhms 
per cm, cube at 60° F. and its specific gravity is 21; the corf espending figures 
for a certain alloy are 21 microhms per cm. cube and 8-8 Sp. Gr. Find the 
mass-resistivity {per metre-gramme) in each case and the ratios of the two volume- 
resistivities and of the two mass-resistivities. 


In the first case the volume of i grm. of the metal is 2V of a* c.cm. 
Therefore the cross-section of a vdre i m, long weighing i grm. is sq. cm. 

The resistance of i cm. length of i sq. cm. cross-section is ii*6 microhms; 

II-6 X 100 


resistance per metre-gramme = 


- microhms 


2X50 

II-6 X 100 X 2100 


ohms = 2'43 ohms. 


Similarly the cross-section of a i m. wire of the alloy of i grm. weight 
is glo sq. cm.; 

21 X 100 X 880 o 1- 

resistance per metre-gramme = --= i'85 ohms. 

Volume-resistivity of alloy __ — i-gt 

Volume-resistivity of metal ~ ii*6 

Mass-resi stivity of alloy __ 1-85 _ ^ ^ 

Mass-resistivity of metal 2-43 
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Example 2. Find the relative conductivities of the two materials in Example 
I compared with copper [annealed). 

The specific resistance of copper at 60° F. is i *696 microhms per cm. cube 
(see Table A); 

the volume-conductivity of the metal in Ex. (i) relative to copper 
(= 100) is 

I- 696 

—~ X 100 = 14*6, 

II - 6 ^ 


and the per cent, volume-conductivity of the alloy is 


1-696 , 


2. Copper and Aluminium 

Copper and aluminium are the two chief materials employed 
for transmitting currents, for which purpose a low resistivity is 
advantageous. As a reference to Table A will show, copper is 
excelled in this respect by silver only, and the difference is so small 
that the much greater cost of the latter makes it commercially 
impossible except in very special cases. For dynamo windings and 
other applications where the available space is limited copper has 
no rival. When the space is unimportant the higher resistivity of 
aluminium is compensated for by its low density, so that its mass- 
resistivity is only about half that of copper, for 

Mass-resistivity of A 1 at 15° C. = 278 x 10^ x 2*70/10® 

= -0751 ohm per metre-gramme, 
Mass-resistivity of annealed Cu at 15° C. = 1*692 X 10^ x 8*89/10® 
= -1504 ohm per metre-gramme. (See Table A, page 53.) 

Thus, when no other considerations intervene, aluminium is a 
cheaper conductor than copper if its price per ton is less than 2.00 

1 = ^“1 times as great. It has, however, the disadvantage that 

satisfactory soldering is difficult. (See further Art. 14.) 

Steel rails are used often as conductors in electric traction, both 
as the return uninsulated conductor and, in the third rail system, 
as the supplying conductor. The conductivity of the steel used 
is about one-sixth that of copper, but may be much less if the 
composition of the steel is altered shghtly. 

For overhead transmission wires hard-drawn copper is employed. 
The effect of the drawing is to raise the tensile strength to 29 tons 
per sq. in., compared with 12J tons per sq. in. for annealed copper. 
The resistivity is raised at the same time, but only by under 2 per 
cent. An alternative is steel-cored aluminium, i.e. a stranded 
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conductor with the central wires of steel for strength, and the outer 
ones of aluminium for conductivity. 

Certain standard values have been adopted for the resistivity of 
copper and aluminium. It is, however, possible to obtain them 
of higher conductivity than this, ix. with over 100 per cent, 
conductivity compared with the standard (see Table A). 

3. Effect of Temperature 

The effect of a rise in temperature is to increase the resistivity 
of pure metals. The amount of increase per degree rise of tempera¬ 
ture is nearly constant. For most practical purposes it is sufficiently 



Fig. 3 . 01 .—Variation of Resistance with Temperature. 
Resistance at 0° 0. taken as 100 in each case. The broken line is horizontal. 

accurate to assume that it is constant for temperatures between 
0 ° C. and ioo° C. or even higher. 

The assumption that it is constant is equivalent to the statement 
that the graph connecting the resistance of a conductor with its 
temperature is a straight line. This leads to the formula— 

Rj = R, {I + A («- s)}, 

where R, — resistance of a conductor at the standard temperature s°, 

R< = resistance of the same conductor at another tempera* 
ture f\ 
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so that {t — $)° is the rise of temperature, and ^ is a constant for 
each metal and is called the temperature coefficient of that metal. 
Strictly this is the “ constant-mass temp, coeff. of resistance,” i.e. 
between points rigidly fixed to the conductor. 

From this it may be seen that k is the increase (in ohms) of 
resistance per degree rise of temperature per ohm of original resistance. 

For most of the pure metals k has a value of about ’O04 (or 0*4 
per cent.) if the temperatures are measured on the Centigrade 
scale (for details see Table A), the main exceptions being wrought 
iron (higher), and cast iron and mercury (lower). 

The value of k depends on the temperature adopted as a standard: 
this is often 0° C. (32° F.), but it is more convenient in practice to 
take 15° C. or 60° F., i.e. about the average air temperature. The 
connexion between the two values of k can be seen by a simple 
example— 

Conductor of 100 ohms resistance at o®C. and temperature 
coefficient of -004— 

Temperature 0, i, 2, 3, 15, 16 ® C. 

Resistance 100, 100*4, ioo*8, ioi*2, io6*o, 106*4 ohms. 

Temperature coefficient at 15® C. 

106-4 —106*0 ^ . _ 

= —z_^-X 100 per cent, per ® C. 

io6*o ^ ^ 

== *377 per cent, per ® C. or *00377 ° 

Thus the general relation is 

1 -rS.k, T 

i.e. kg — i/(constant + s), 

where = temp, coeff. at 0° C., 

kg == „ „ at s° C. 

Similarly on the Fahrenheit scale 

I -f (s — 32) ^32 

and kg = I/(constant + s), as before. 

(See Examples 3 and 4, and Art. 6.) 

For large ranges of temperature, or when greater accuracy is 
required, more complicated formulae must be used to represent the 
effect of change of temperature (see Art. 7). 
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•Example 3. The tempemture coefficient of lead is 0-411 per cent per ° C 
at 0° C. ‘ Find its value at 15° C. and at 30° C, • t • 


A lead conductor of 100 ohms resistance at 0° C. would have 
at 15° C. a resistance or (100 -f 15 x *411 =) 106-165 ohms 
and at 16^ C. „ „ (100 -j- 16 x -411 =) 106-576 „ 

Difference = -411 

temperature coefficient at 15° C. = —x 100 per cent. = 0-387 
per cent. 

Similarly at 30° C. its resistance would be 112-330 ohms, 

and at 31® C. „ „ ,, 0-411 ohm more; 

temperature coefficient at 30® C. = x 100 per cent = o -366 

112-33 ^ 


per cent. 

Or using the formula of Art. 3:— 

^0 ~ *00411 “■ 

^16 = 1/(243-3 + 15) = 1/258*3 = *00387 
and A30 == 1/(243-3 *1- 30) = *00366, 

which agree with the above results. 


Example 4. The temperature coefficient of a certain iron wire is found to he 
0*537 cent, of its resistance at 68° F. Find the value at 32° F. 

Denote the resistance at 68° F. by 100. 

Then „ „ 32° F. = 100 — (68 — 32) X *537 = 80*67. 

And the resistance at 33° F. is 0*537 niore; 

temperature coefficient at 32° F. — = *00666 or 0*666 per cent. 


4. Alloys 

The resistivity of alloys is always greater than the average of the 
constituent metals, and their temperature coefficients are much 
lower, in some cases negative. For instance, manganin, of which 
more than five-sixths is copper, has a resistivity about 26 times 
that of copper, while its temperature coefficient is less than i/iooth 
as great. 

The main uses of alloys are— 

[а] For standard resistances, where a considerable resistivity 
and a small temperature coefficient are advantages. 

(б) For regulating resistances. 

(c) For overhead transmission lines, and more especially for 
telegraph and telephone lines, where a high tensile strength is 
desirable, particularly for long spans. 
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For [a) the alloys mainly used are German silver, platinoid, 
platinum-silver, and manganin; the last is now generally employed 
for high class standards. 

For (b) there are a number of alloys to which trade names have 
been given, such as Eureka, Beacon, Ferry, Nichrome, etc. Some 
of these are used for standards also. 

When a greater tensile strength than that of hard-drawn copper 
is desired bronzes are used. These are composed mainly of copper 
and tin, but contain small percentages of other elements, e.g. silicon, 
manganese, etc. They have tensile strength up to 50 tons per 
sq. in. combined with high conductivity. Another alloy useful for 
this purpose is cadmium-copper, which is 44 per cent, stronger than 
hard-drawn copper though its resistivity is only 19 per cent, higher. 



Fig. 3.02.—Carbon Rheostat, 


5. Carbon 

Carbon is used as a conductor in incandescent lamps (Chapter 
XVI.), arc lamps, brushes for dynamos (Chapter IX.), and con¬ 
tinuously variable rheostats. In this last case it is in the form of 
plates or discs of hard gas-retort carbon, which are pressed together 
when the resistance is to be diminished (see also Chapter XVL). 
Fig. 3.02 shows a rheostat of this sort made by R. W. Paul. In 
all cases the resistivity varies considerably according to the methods 
of manufacture, as noted in the above-mentioned chapters. 

The temperature coefficient of carbon is negative, i.e. its resist¬ 
ance diminishes as the temperature rises, but the formula of Art. 3 
applies with the sign of k changed from positive to negative. 

6. Measurement of Temperature Rise of Magnet Coils 

The increase of resistance with temperature is applied usefully 
in measuring temperature. Thus the resistance of the field coils of 
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a dynamo can be obtained from ammeter and voltmeter readings 
while the machine is running, and the rise of temperature at any time 
deduced from the increase of resistance. The formula recommended 
by the British Standards Institution* for this purpose is equivalent 
to— 

Temp, rise in degrees Cent. = (234*5 + — i) 

cResistance cold j’ 


where t = temp, in ° C. at which cold resistance is measured. 

This is equivalent to assuming for the temperature coefficient of 

copper the value (= *00427) per ° C., with a standard temp, of 


0° C., and consequently the value-per ° C. at any other 

234*5 + 5 ^ 

standard temp. s° C. (cf. Art. 3). 

The formula for the Fahrenheit scale corresponding to the above 
is— 


Temp, rise in ® F. = (390 + 1) 


Resistance hot 
Resistance cold 


!■ 


where t = temp, in ° F. at which cold resistance is measured. 

The same method can be used for the armature at the end of a 
test. 


7. Resistance Thermometers 

In resistance thermometers, or pyrometers, the increase of 
resistance of platinum is utilised for the accurate measurement of 
temperatures up to 1400° C. 

Platinum is employed since it can stand a high temperature 
without deterioration, and in addition its properties are well known 
and, with proper treatment, constant. 

The linear law of Art. 3 is not sufficiently accurate in this case, 
but Callendar has shown that the relation between resistance and 
temperature for platinum can always be expressed in the form— 

R, = Ro(i+«.^-f 5^^), 

where a and h are constants for any particular wire, but vary some¬ 
what for different wires. Their approximate values are— 

= 37 X 10-*, 
b = — X 10"®. 

* See B. S. S., No. 169, 1925, “ Electrical Performance of Large Electric 
Generators, etc.” 
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Their values for a particular wire can be obtained by measuring 
its resistance at three temperatures, usually those of melting ice 
(o° C.), boiling water (ioo° C.), and boiling sulphur ( 444 ^ C-)* 

In practice the calculation is simplified as follows:— 

From the o° C. and ioo° C. measurements the value of k is 
obtained using the ordinary linear law 
= Rq{i This formula and 

the value of k obtained are then used 
in the measurement of other tempera¬ 
tures, the values thus found being 
called the platinum temperatures, or 
the temperatures on the platinum 
scale. To obtain the true (nitrogen 
gas scale) temperature the amount 
loo) X io"^° C. is added to the 
platinum temperature. 8 has a value 
of about 1*5, the exact value for any 
particular wire being obtainable from 
the measurement of its resistance in 
boiling sulphur (see Example 5). 

A standard type of platinum ther¬ 
mometer is shown in Fig. 3.03. 

It consists of a coil of fine platinum 
wire of a few ohms resistance wound 
on a mica bobbin. 

To prevent the resistance of the 
leads affecting the measurements 
compensating leads are provided. 
These are similar to the main leads, 
but are united inside the thermometer 
tube by a short platinum wire of 
small resistance. 

The difference between the resist¬ 
ances of the two circuits is then 
g. 3.03.— Platinum measured directly by a Wheatstone 

Thermometer. Bridge (Chapter VII., Art. 30) arrange¬ 

ment (see Fig. 3*04). 

In practice the variable resistance may be marked directly in 
° C. or ° F. instead of in ohms. It can then, however, only be used 
with thermometers with one particular value for the difference of 
the main and compensating resistances. An indicator of this type 
■is shown in Fig. 3.05. 
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Fig. 3.04 .—Connexions of Platinum Thermometer and Indicator. 
AB, AD, Equal resietauces. R, Variable resistance. 


By turning the handle H until balance is shown by the galvano¬ 
meter pointer at B, the temperature can be read directly at A. 



Fig, 3.05 .—Indicator for Platinum Thermometer. 


Example 5. The resistance of a platinum thermometer is 4-945 ohms at 
0 ° C., 6-772 ohms at 100° C., and 12-652 ohms at 444^° C. Determine its 
constants, and the temperature when its resistance is 9-438 ohms. 

From the first two resistances the value of k in the formula 
R, = Ro (I -r k.t} 
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h = 


6-772 - m = .00370; 

4*94 X 100 494 


platinum temperature = stbove formula: 

when the resistance is 12*652 ohms 

12*652 — 4*945 o 

platinum temperature = -- =421-2 C. 

^ ^ -00370 X 4*945 

But the true temperature is 444!-° C., a difference of 23*3° C.; 
from the expression U (i — 100) x 10-^ 

8 X 444-5 X 344-5 = 23*3 X lo^ 


8 = 1*52. 


When the resistance is 9*438 ohms 

platinum temperature = - - i . 9 A l- = 246°. 

^ ^ -00370 X 4-945 

The true temperature will therefore be about 250° C. 

Assuming this value the correction is 

1*52 X 250 X 150 X 10-* = 5*7= C., 
i.e. the true temperature is 252® C. nearly. 

With this value the correction becomes 

1*52 X 252 X 152 X 10-^ = 5*8® C., 
i.e. the true temperature is 252® C. to the nearest degree. 

N.B.—The first estimate of the true temperature was in this case so near 
the value obtained with the first correction that it was unnecessary to calculate 
the correction afresh. If there were a considerable difference, or if ^^gths of 
degrees were required a second, and sometimes further, calculations of the 
corrections become necessary. 


8. Thermo-Electric Pyrometers 

Another electrical method of measuring temperature is by 
means of thermo-electric pyrometers. Their action depends on the 
fact that, in a circuit composed of two different metals or alloys, 
when there is a difference of temperature between the two points 
where the two materials join an E.M.F. is produced dependent on 
the temperatures and on the materials of the circuit. 

If DAC and DEC (in Fig. 3.06) are wires of two different materials 
a small E.M.F. is set up in the circuit when D is at a temperature 
differing from that of C. 

If it is in the direction indicated by the arrows w-hen 
D is at the higher temperature, 
then DAC {i.e. the material 
Coid towards which the E.M.F. is 
0 at the hot junction) is said 
to be thermally electropositive 
to DEC. 

* In practice this is adjusted to an exact figure, e.g. 1 ohm, or i*8 ohms. 


Hot 

D 


B 

Fig. 3.06. 
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The E.M.F. depends on the materials and on the temperatures 
of the two junctions. Thus if a high resistance galvanometer is 
placed in the circuit at any point, and the temperature of one of the 
junctions is known, that of the other can be obtained from the 
deflection of the instrument. 

The materials employed for the “ couples ” are copper and iron 
or copper and constantan for moderate temperatures, and platinum 
and platinum-iridium (go per cent. Pt., lo per cent. Ir.) up to 
1000° C., and platinum and platinum-rhodium (go per cent. Pt., 
10 per cent. Rh.) up to i6oo° C. 

Usually a millivoltmeter is employed with a scale graduated in 
degrees for the particular couple used, thus rendering the arrange¬ 
ment direct reading. Some patterns have a scale of millivolts as 
well as of ° C. 

9. Insulators 

These substances are used to prevent, as far as possible, an 
electric current from fliowing where it is not required. Their 
resistivities are enormously greater than those of the metals, for 
instance india-rubber at 15° C. has a resistivity (ten thousand 
million million million) times that of copper. 

The meaning of this may be better appreciated by con¬ 
sidering that nearly the whole of the current sent into a 
Transatlantic cable travels several thousand miles through a 
copper wire in preference to passing through a quarter of an 
inch or so of gutta-percha, whose resistivity is less than one-tenth 
of that of india-rubber. 

The resistivity of insulators decreases rapidly with rise of 
temperature, and the graph connecting resistance and temperature 
is no longer even approximately a straight line as it is with 
conductors. 

The graph in most cases is a “ logarithmic ” curve (such as the 
one given for india-rubber in Fig. 3.07), i.e. one in which if a rise of 

f reduces the resistance to a half ^or to of its previous value, 

double this rise of temperature will reduce the resistance to one 

quarter ^or of the original value, e.g. if 2° C. rise reduces the 

resistance by 10 per cent, the following are corresponding values:— 
Temp. 0, 2, 4; 6, 8, 10, 12 ° C. 

Res. 100, go, 81, 72-9, 65-6, 59-0, 53-1 per cent. 

3 


E. E., VOL. I. 
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Fig. 3.07.—Effect of Temperature on the Resistance of India-rubber. 


each value of the resistance being 90 per cent, of the previous 
one. 

This may be expressed by the formula 

or— 

log Rt = log s), 

where R, = resistance at standard temp. s° 1 {t — s) ~ rise of 
Rf = „ „ any other temp, f J temperature, 

and a and k are constants for any particular insulator, and 

t' 

where /' is the rise of temperature required to halve the insulation 
resistance. 

For rubber t' is 15° C. (27° F.); see Fig. 3.07. 

\Vhen the temperature rises so high that the insulator softens 
or oxidises, or is changed in some other physical or chemical way, 
the above law does not hold. Usually the change makes the 
insulator unfit for its intended purpose whatever the value of its 
resistance, and this temperature is an important factor in the 
choice of an insulator. 
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Example 6. The insulation resistance of a certain length of cable is 422 
megohms at 75° -P* Calculate the value at 60° F. if the insulating material is 
such that a rise.of 12"^ F. halves its resistance. 


U sing the formula— log R* — log ^ — 5) 

since I^a+12 = 

R 

A X 12 = log Rj - log {|R,) = log = log 2; 


• ^ logg _ 'S°^o 


log Ego = log Ryg + (75 - 60) X *0251 


= log 422 + 15 X -0251 := 2-6454 *3765 

= 3-0219 = log 1052; 


/. resistance of insulation at 6o®F.= 1052 megohms. 


10. Dielectric Strength and Permittivity 

Another property of an insulator is its ability to withstand 
electric pressure. This is known as its dielectric strength, and is 
usually stated in volts per mil (-ooi") or in kilovolts per mm., i.e. 
in terms of the pressure necessary to break through the stated 
thickness of the substance. 

A large insulation resistivity does not necessarily mean great 
dielectric strength, and for high pressure work the latter is more 
necessary. 

The above method of stating dielectric strength implies that the 
voltage to produce breakdown is directly proportional to the 
thickness of the insulating sheet. Though this view is held by some 
authorities there is considerable doubt on the question. 

Accurate experiments on the point are difficult owing to the 
variability in quality of many insulators, and the large effect of the 
conditions on the result. The main conditions to be considered are: 
(a) the shapes of the conductors between which the pressure is 
applied, and the consequent extent to which the stress in the 
material is uniform; (6) the temperature; (c) the presence or 
absence of moisture; {d) the length of time during which the 
pressure is applied; [e) the facilities for the escape of heat generated 
in the insulator; (/) the uniformity of the material. 

Among the theories advanced as to breakdoAvn are: (i) that it is 
a thermal effect; (ii) that it is a combined electrical and thermal 
effect; (hi) that it depends on a slow increase of electric displace¬ 
ment following that caused at once by the stress; (iv) that it is a 
purely electron phenomenon. 

All of these afford some explanation of the effect of the time 
factor, and the bearing of some of the factors stated above depends 
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on the theory favoured. They lead to various formulae for the 
efiect of thickness. 

Graphs of three such relations are plotted in Fig. 3.08. A 
fourth probable one is t = p'E qY?. This coincides almost 
exactly with No. 3 (if suitable constants are taken). 

A third property is the permittivity (or “ specific inductive 
capacity . TMs is the ratio in which any capacitance is increased 
by substituting the material in question for air. It is thus a measure 
of the relative ease with which electric displacement can be pro¬ 
duced, and so is analagous to magnetic permeability. 



3 4 5 6 7 8 Q TO TI 12 


Thickness. 

Fig. 3.08. —Comparison of Laws of Dielectric Strength. 

(i) E cc t. {2) E — a + hi. {3) E = c 

II. Dielectric Losses 

When an insulator is subjected to alternating electric stress the 
loss due to the small conduction current is usually negligible in 
comparison with another source of loss. The latter is due to the 
fact that the electric displacement under steady stress takes an 
appreciable time to reach its full value. Consequently with a given 
stress the displacement is less when it is increasing than when it is 
decreasing. 

Owing to resemblances to magnetic hysteresis (Chapter IV., Art. 
20) this phenomenon is frequently called dielectric hysteresis. As, 
however, the extent of it depends on the rate at which the stress is 
changing (unlike the magnetic case) it is more of the nature of 
.viscosity. 
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Like magnetic hysteresis it results in a loss of energy and con¬ 
sequent development of heat, and its value is of great importance 
in high pressure work (see Vol. II.). 

12. India-rubber 

One of the most useful insulators is india-nibber. Pure rubber 
is insoluble in water and is not acted on by alcohol, alkalies, or 
dilute acids. It is decomposed by strong sulphuric or nitric acid or 
by chlorine, and is gradually acted on by oil and more slowly by 
Portland cement. It can be dissolved in carbon bisulphide, 
turpentine, benzene, or coal-tar naphtha. It is almost useless when 
exposed to the air owing to its becoming oxidised, especially in the 
presence of light and moisture. It melts at about 250® F. 

Vulcanised india-rubber is made by mixing pure rubber with 
about five per cent, of sulphur and adding various other ingredients 
(zinc oxide, litharge, calcium carbonate, etc.), varying according to 
the purpose for which it is intended. The mixture is then heated, 
often by steam, to a temperature of 250® F. to 300° F. It is more 
durable and stronger than pure rubber, and may be much cheaper, 
the price depending mainly on the percentage of pure rubber 
used and the quahty of the latter. Correspondingly its dielectric 
strength varies from 4 kVjmm. to 30 ^V/mm., and its resistivity 
from 1*5 X 10^® to 16 X ohm-cm. 

Ebonite (vulcanite, or hard rubber) is made by mixing two parts 
of pure rubber and one of sulphur, and heating the mixture to a 
temperature of about 170° F. under a pressure of 60 lb. per sq. in. 
to 70 lb. per sq. in. for several hours. It may have a strength of 
50 AV/mm., and a resistivity of 4 x 10^® ohm-cm. 

Gutta-percha resembles india-rubber but becomes soft at 150° F. 
It rapidly oxidises when exposed to light in the air, but appears to 
be quite permanent if kept in water and screened from light. Its 
main use is for submarine telegraph cables. 

13. Fibrous Insulators 

These have the advantages of flexibihty if desired, and of fair 
mechanical strength, but are hygroscopic [i.e. liable to absorb 
moisture) unless impregnated with varnish or wax, cannot long 
withstand temperatures much above 100° C., and have only 
moderate dielectric strength. 

Cotton and silk are used for covering wires for use in djmamo 
windings, etc. Cotton is the cheaper, but silk is less hygroscopic, 
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also a thinner covering of it can be applied satisfactorily, which is 
of special advantage where fine wires are required, e.g. in voltmeter 
windings. 

The usual form of covering consists of a number of threads 
wrapped continuously round the wire to form a complete covering 
(single cotton covered, S.C.C.), often followed by a second similar 
wrapping in the reverse direction (double cotton covered, D.C.C.). 
For large conductors either a braid or a tape is used instead. The 
dielectric strength depends mainly on the impregnating substance. 

Paper is used for cables (Art. i6), condensers, and induction 
coils. For the last two purposes it is soaked in paraffin wax. 

Many special forms of paper and cardboard, such as presspahn, 
fulierboard, leatheroid, are used for moderate pressures (up to 600 
volts). Vulcanised fibre is also a vegetable fibre, consolidated under 
pressure. It is used in place of ebonite where cheapness is more 
important than very good insulation. They have dielectric strengths 
ranging from 5 AV/mm. to 20 ^V/mm. 

14. Other Insulators 

Mica is a transparent mineral which splits easily into thin plates. 
It has a high dielectric strength (50 W/mm. to 140 kYjmrn.) and is 
fireproof, but mechanically weak. It is used mainly in various 
built-up forms. 

Micanite consists of sheets of mica cemented together with 
shellac varnish, and is used nearly always in commutators. 

Mica cloths, papers, and tapes are made by cementing mica 
flakes on to a backffig of paper, silk, etc., sometimes with a further 
covering of paper. Micarta is built up of a number of sheets of 
mica paper, varnished, and solidified under pressure. 

The mineral asbestos is used for fireproof construction. For 
wires it is appHed as tape or braid or as a wet pulp ironed on. Its 
dielectric strength is low and it is hygroscopic, but the latter weak¬ 
ness is not of importance in most of its applications. By mixing 
with suitable materials asbestos board is made which is very 
suitable for switch barriers. In some forms of this the hygroscopic 
weakness has been overcome and the mechanical strength increased, 
so that switchboards can be made of it. E.g. " Sindanyo " has a 
resistivity of at least 2 x lo^^ ohm-cm., which shows no reduction 
after 48 hours immersion in water. It has a dielectric strength of 
2 kVImm. in thick (i in.) sheets, and higher in thinner ones, and its 
mechanical strength is such that smaller thicknesses can be used 
than when slate is employed. 
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Slate has a resistivity of i-2 x io» ohm-cm., and a strength of 
0-2 W/mm., and sometimes has metallic veins in it. 

Marhle has a resistivity of 15 x io«, measured after prolonged 
exposure to moist air, and a strength of 6 W/mm., but is more 
costly than slate. 

The figures for porcelain are 2 X 10^^ ohm-cm., and 10 W/mm, 
to 15 kV/mm., so that it is very suitable as an insulating support 
(see Vol. IL). 

A large number of synthetic resin products are used under a 
variety of names, of which “ bakelite ” is the best known. They 
can be moulded and do not deteriorate below 150® C. They are 
very suitable for the covers and bases of small switches, ceiling 
roses, etc. Mechanically they are somewhat weak, so that metal 
inserts are needed when thin 
mouldings are used. 

Paper impregnated with bakelite 
varnish is unaffected by hot oil, 
and so is useful in oil-immersed 
transformers. 

15. Cables 

The conductor is nearly always 
of copper, though aluminium is 
used occasionally. The figures 
given in Art. 2 require modifying 
in favour of copper, because the 
28 per cent, greater diameter of 
an aluminium cable for equal 
resistance causes an increase in 
the volume of the insulation and of the protective coverings. 

For small conductors a single wire is used, but above 16 S.W.G. 
(•064 in. dia.) a number in parallel are substituted for greater 
flexibility. Three is the smallest number employed, and then seven, 
i.e. a central one with six surrounding it. The next step is to 
nineteen by winding a ring of 12 outside a 7-strand, and then in 
succession 37 (19 -f 18), 61, 91, and 127 strands. Cables are 
denoted by two numbers, e.g. either ig/i6, meaning ig wires each 
of 16 S.W.G. (see Fig. 3.09) or i9/-o64", meaning 19 wires each 
•064 in. dia. The wires are laid on spirally, successive layers in 
alternate directions, so as to make a firm cable. This twist increases 
the weight of the cable, because the twisted wires are longer than 
the cable or than the centre strand (if present) which is straight. 



Fig- 3•9 *—Section of iq-Strand 
Cable. 

—. Pitch circle. 
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Since the current flows almost exclusively along the wires and not 
parallel to the axis of the cable from wire to wire, the resistance 
per unit length of cable is increased very nearly in the same propor¬ 
tion as the weight. Thus the actual cross-section of the cable is 
increased by the twist, but the equivalent cross-section is reduced 
inversely. The latter is the cross-section of a solid bar of the same 
material and of equal resistance per mile (or other unit of length). 
The amount of these increases depends on the ‘"lay,” viz. the 
distance along the cable for a complete turn of the wires (see 
Fig. 3.10). 

The B.S.I. has adopted as standard a lay of 15-6 times the pitch 
diameter (i.e. the diameter of the circle on which the centres of the 
wires lie; marked.in Fig. 3.09 for the outer layer of wires). 

This causes an increase of resistance (and of weight) of 2 per 
cent, on all but the central wire. 



Fig. 3.10 .—^Lay and Pitch Diameter of Cable. 
d = Pitch diameter. 


The diameters of stranded cables compared with that of the 
separate strands are given in the table opposite, the values (except 
for 3-strand) are obtained readily from a diagram such as Fig. 3.09. 


Example 7. Calculate the diameter, resistance fer 1000 yards, and equivalent 
cross-section of 7/-o64*' cable. A single wive has a resistance of 

7-48 ohms per 1000 yd. at 60° F. {N.B.—The former is not a standard size.) 

Diam. of 3/'o64" cable = 2-155 X 64 = 138 mils. 


,, 7/-064'' = 3 X 64 = 192 mils. 


Neglecting the effect of twisting the wires:— 


Resistance of cable per 1000 yd. = 


7-48 


= 2-493 ohms at 60° F. 
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Strands 

/ Diam. of Cable\ 

1 Diam. of i I 
\ Strand / 

/ Section.^l Area of 

1 Cable 

1 Area of Solid Wire 
\ OF S.AME Diam. 



(^) 

(&) 

3 

2-155 

64-6 

63-3 

7 

3 

77-8 

76-5 

19 

5 

76-0 

74-6 

37 

7 i 

75-5 

74-0 

61 

9 

753 

73-S 

91 1 

II 

75-2 

737 

127 

^3 

75‘i5 

73-65 


[a] Without allowance for increased resistance due to twisting. 

(&) " Equivalent" sectional area with B.S.I. standard lay. 

With the B.S.I. standard lay the twist increases the resistance of 3/-o64 in. 
cable by 2 per cent, ; 

res. of cable per 1000 yd. = 2-493 x 1-02 

= 2*54 ohms at 60® F. 

With a 7-strand cable the increase is 2 per cent, on 6 of the 7 wires, i.e. an 
average increase of f of 2 per cent. = 1-71 per cent.; 

res. of 7/-064"'cable per 1000 yd, = 1-069 x 1-017 

= 1*087 ohms at 60° F. 

Neglecting twist of wires:— 

Cross-section of 3/-064" cable = 3 X 0-785 x (-064)^ 

= -00965 sq. in. 

Cross-section of yj•06^'' cable = 7 x 0-785 X (-064)2 
= -02252' sq. in. 

Since twist increases resistance it diminishes the effective cross-section 
(because R oc i /A); 

effective cross-section of 3/'o64" cable = — 

= *00946 sq. in. 


and 


effective cross-section of yho6±" cable = - 

" ^ 1-017 


= -0221 sq.in. 


16. Cables [cont) 

The insulation used is either [a) Vulcanised rubber; % Impreg¬ 
nated paper; (c) Varnished cambric; or [d) Vulcanised bitumen. 

In class [a] to protect the copper from sulphur the wires are 
tinned, then covered with a double layer of pure rubber. The 
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vulcanised rubber is usually in two layers. The inner (the so-called 
“separator”) is light drab and contains chiefly zinc oxide in 
addition to the sulphur of vulcanisation, which latter is kept small 
in quantity so as to avoid much excess being left. The outer layer 
is grey and contains a larger proportion of sulphur, and various 
minerals are employed (cf. Art. 12). 

The quality of the insulation, especially in respect of durability, 
depends mainly on the percentage of rubber in the mixtures, and 
on whether fine Para or an inferior quality is used. This percentage 
should be not less than 40 per cent, for 500 volt cables, and rubber 
substitutes should not be used on any account. The cable is 
finished off with a waterproofed cotton tape. It is protected by a 
tarred jute braid and by soaking in an insulating compound (see 
Fig. 3.11), or else by a lead sheath. 


Vulcanised Bitumen compounded Leather Braid 
RIBBED Sheath / 



Compounded Jute Braid 


Fig. 3. II, Rubber and Bitumen insulated, braided Cable. 


In class {b) the paper is soaked in an insulating compound whose 
basis IS resin oil, but which varies with different makers. The 
paper should be of Manila fibre only, as this gives the highest 
dielectric strength and the greatest durability. A series of paper 
strips are wrapped spiraUy round the cable till the required thickness 
IS obtained, each wrapping being about five mils thick. The paper 
may be impregnated either before or after application, the latter 
method being more general. 

Being hygroscopic it must be protected by a waterproof covering 
A pure lead sheath is the usual form (see Fig. 3 . 12 ), but occasionally 
something of the vulcanised bitumen class is used. 

O. resistance with temperature is very rapid, about 

» F. nse bemg sufficient to halve the resistance. 

Varnished cambric has a higher dielectric strength than imorea- 
nated paper, so that thinner insulation may be used, and it is leL 
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hygroscopic. Owing to its greater cost it is used only in very high 
pressure cables. 

In class [d) the insulator is produced by vulcanising a distillation 
product of ceitrin oils, not bitumen itself as the name implies. 
It is waterproof and so a lead sheath is unnecessary, and it is cheaper 
than vulcanised rubber. The main disadvantage is liability to 
decentralisation of the conductor. Attempts to prevent this are 


apt to increase the dangers of oxidation and of damage by other 
chemical induences, and introduce ^ 

a possibility of cracking in cold yCv Copper 

weather. 

When cables may be ex- Paper 

posed to mechanical injury, Copper 


SteelTapes 



Fig. 3.12. —Concentric Cable, Paper- 
insulated, Lead-covered, and 


5.". when laid direct in the 
ground, they should be 
armoured. This armouring 
consists either of two steel 
tapes wrapped on so that the 
second covers the gaps in 
the first, or of galvanised steel 
wires applied over a layer of 
tarred jute. 


17. Cable Insulation Tests 

The direct deflexion test is the usual method employed at the 
makers’ works. The cable is immersed in water for twenty-four 
hours previous to the tests. The ends are trimmed and protected 
from moisture by wax or by rubber tape. 

A 500-volt battery is then connected through a highly sensitive 
galvanometer (see Fig. 3.13) to the conductor ends. The other end 
is connected to the sides of the tank, if metallic, or to a metal plate 
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in the tank, or to the lead sheath of the cable (if it has one). The 
short-circuiting key of the galvanometer must be closed before 
completing the circuit, to avoid damage to it from the first rush of 
current which charges up the capacitance of the cable. After a 
few seconds this key may be opened, and the gradually decreasing 
deflexion of the galvanometer watched and noted down one minute 
after closing the circuit after one minute’s electrification ”). 

The same battery and galvanometer (but shunted) are then 



Fig- 3.13 —Direct Deflexion Cable Test, and Guard Wire. 

A A, Ends of cable core. B, Battery. 0 C, Cable sheath. G, Galvanometer. 

G W, Guard wire, K, Circuit Key. S, Galvanometer short-circuiting key. 

P, Metal plate. T. Water tank. 

connected to a standard high resistance (usually one megohm) and 
the deflexion again noted. The insulation resistance can then be 
obtained since the currents sent through two resistances by the 
same voltage are inversely proportional to the resistances. E.g,— 


Resistance 

Deflexion of 
Galvanometer 

Shunt Power 

Deflexion x 
Shunt Power 

Insulation of cable 

33 

I 

33 

I megohm .. | 

192 

1000 

1 192,000 
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Then insulation resistance of cable = X i = 5,800 

megohms. 

A slightly different method is to use a definite fraction of the 
battery voltage in the second test instead of shunting the galvano¬ 
meter. This fractional voltage is obtained by a potential divider 
which acts on the same principle as a potentiometer volt-box (see 
Chapter VII., Art. 26). 

Price’s guard wire is used sometimes to prevent errors in the 
results owing to leakage over the surface of the ends of the insulation. 
A few turns of wire are wound on the end trims between the con¬ 
ductor and the lead sheath but touching neither, and are connected 
as shown by the dotted line in Fig. 3.13. Then if leakage occurs it 
takes place from this wire to the sheath, and so does not affect the 
galvanometer reading. If the guard wire is omitted all leakage 
from the conductors to the sheath over the end trims passes through 
the galvanometer, and so lowers the measured resistance. 

18. Insulation Resistance of Cables 

The insulation resistance of a cable depends on— 

{a) the length of the cable, 

( 5 ) the thickness of the insulation, 

(c) the material used for insulation. 

[a) The insulation resistance varies inversely as the length, where¬ 
as the conductor resistance varies directly as the length. This is 
not because insulators differ from conductors in the way in which 
resistance depends on form, but because the length of the insulator 
whose resistance is in question is the thickness of the dielectric. 
And the longer the cable the greater the breadth of the insulator, 
and thus the less the insulation resistance; in accordance with the 
ordinary law, R varies inversely as sectional area. 

Consequently, though the quality of the insulation resistance of 
a cable is usually stated in megohms per mile,"' a better term is 
'' megohm-milesfor the value is obtained by multiplying (not 
dividing) the insulation resistance in megohms by the length in 
miles (see Example 7). 

( 5 ) It might appear at first sight that doubhng the thickness of 
the insulation would double its resistance, but the increase is 
actually less. The reason will be seen by noting that though 
current has to go through twice the thickness, the average width 
of its path is increased by the increasing diameter. Thus the 
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second layer of insulation of given thickness is less efective than 
the first in preventing a leakage of current. 

Let d = diameter of conductor. 

t — thickness of insulation. 


D = diameter of insulation — d -{■ 2t. 
I = length of cable. 
p = resistivity of insulator. 


Then the insulation resistance is that of a body of length t, 
breadth I, and width varying from rrd to irD. 

The assumption that this is equivalent to one whose uniform 
width is the mean of these two gives the result— 


Insulation resistance = 


pi 

^ TT (D -t- d) 
2 


2 pt 

ttI (D + d) 


pi 

ttI {d -|“ t) 

[N.B,—Any unit of length may be used so long as it is kept to 
throughout, and the corresponding value of p is taken.] 

The above assumption is not true, but gives a fair approximation 
for moderate thicknesses. The exact law requires the calculus for 
its proof, and is— 

Insulation resistance = —log^, ^ T 

(t !/ d 


where p = resistivity of dielectric in ohm-cm., 

I = length of cable in cm. 

D, d, and t are in inches (or other convenient unit), 

I in miles, 

p in megohms per inch cube, 

I.R. = ■ ^—-—=—; 5 megohms. 

1726 X 10^ xl d ^ 

Fig- 3‘^4 shows the way in which the insulation resistance varies 
with increasing thickness of insulation according to the exact and 
approximate formulae. 

It is worth noting that to maintain constant insulation resistance 
per mile the thickness of the insulation would have to be increased 
in proportion to the diameter of the cable. This is not done, hence 
small cables should have a higher insulation resistance per mile 
than large ones with the same quality of insulation. 


If 

and 
then— 
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Example 8. In what manner do (a) the conductor resistance, {b) the insulation 
resistance of uniform electric light cable depend iipon the length of the cable ? 
A 55 -y^^^ when tested gave o-n ohn and 10,000 megohms 

respectively, for {a) and (&); find the corresponding values for a mile length of 
similar cable. [C, & G., I, 

Conductor resistance varies directly as the length; 

conductor resistance of i mile = o-ii x = 3-52 ohms. 
Insulation resistance of a cable varies inversely as length; 


insulation resistance of i mile = 10,000 x - 

1760 

i.e. the insulation resistance is 312J megohm-miles. 


312-5 megohms, 



Fig. 3.14 .—Insulation Thickness and Resistance. 


Example 9. If cl 37/-103'^ cable with vulcanised rubber insulation 102 mils 
thick has an insulation resistance 0/600 megohms per mile; what will be thel.R. 
per mile of a cable with similar insulation 41 mils thick? [These are 

standard sizes for 0-3 sq. in. and 0-007 sq. in.) 

The diameter of a 37/-103^ core = 7 x 103 = 721 mils. 

,, » „ 7 /‘ 03 b" „ = 3 X 36 = 108 mils; 

41 

I.R. of 7/-036" cable per mile 108 41 _ 41 823. 

approx. 

721 4- 102 

I.R. of 71 - 0 ^ 6 " cable ^ ^ 33 ° megohms/mile. 
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By the more accurate logarithmic rule 
log 

I.R. of 71-036" cable _ 108 _ 2-2787 — 2-0334 

I.R. of 37I-103" cable “ , ^ 721 -f- 204 2-9661 — 2-8579 

721 


•2453 

•1082 


2*27; 


.*. I.R. of 71-036" cable = 600 x 2-27 = 1360 megohms/mile. 



T 

T 



(&) Insulation between mains. 

Fig. 3.15.— ^Tests of Insulation of Wiring. 


C R, Ceiling rose. P F, Position for fuses, which are removed. L, Lamp in holder. 

L H, Lampholder with lamp removed. M M, Mains. S, Switch. 

T T, Test leads to ohm-meter. 


19. Insulation Tests of Wiring 

When a house or factory is wired for electric lighting, heating, 
or power the insulation resistance of the system depends but little 
on the cable used, provided there are no faults in it. 

Most of the leakage takes place from switches, ceiling roses, 
distribution boxes, and over the ends of the cables where they are 
connected to these. The total insulation resistance of the installa¬ 
tion may therefore be expected to be lower the more switches and 
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lights are installed. An allowance is made for this in the rules 
regarding installations. 

Thus the LE.E. rule is that the insulation resistance of the 
wiring shall not be less than loo megohms divided by the number 
of outlets, and that of the wiring, with all lamps and their fittings 
connected, not less than 50 megohms divided by the number of 
outlets. In the latter case the test is made in two ways, “ to 
earth ” and '' between conductors.’’ The former test is made, with 
all lamps connected and all fuses and switches on, one test lead 
being connected to any point of the wiring and the other to a water 
pipe or other convenient “ earth.” If faulty, further tests with 
switches open, and with 


lamps removed, aid in loca¬ 
ting the fault. 

The second test is made 
with the lamps and other 
appliances removed, and 
the test leads connected 
to the two mains. These 
connexions are shown dia- 
grammatically in Fig. 3.15 
for a single lamp instal¬ 
lation. 

20. The Megger and Ohm- 
meter 

Wiring installation tests 
are readily made by means 
of some form of megger or 
ohm-meter, i.e. an instru¬ 
ment which gives the 



Fig. 3.16.—Principle of Ohm-meter. 

A, Current or series coil. B, High resistance in 
series with C, The pressure coil. G G, Term¬ 
inals connected to generator. L, E, “Line” 
and “ earth ” terminals of instrument for con¬ 
necting to R. M, Pivoted magnet. P, Pointer. 
E, Insulation resistance under test. 


resistance directly without any calculation. The principle of these 


instruments is shown in Fig. 3.16. 

Two coils, A and B, at right angles are connected as shown. 
Thus A carries the current which flows through the insulation under 
test, and B carries a current proportional to the voltage applied to 
it. A pivoted magnet is acted on hy both coils, and since there is 
no controlling force it takes up its position in the direction of the 
resultant field of the two coils. This direction depends on the 


ratio of the ampere-turns of the two coils and not on their actual 
amounts, for a change of the two in the same proportion will alter 
the strength, but not the direction, of the resultant field. 


E. E., VOL, I. 


4 
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ampere-turns in B . , voltage , ^ 

Now — - -;—r IS proportional to - t.e. to the 

ampere-turns in A current 

resistance under test. Thus the position of a pointer attached to 
the magnet gives this resistance directly, the scale ranging from o 
when the magnet points along the axis of A, to Inf. (ie. infinity or 
enormously large) when it points along the axis of B. The sort of 
scale obtained in between depends on the shapes of the coils, and 
on the numbers of turns in A and B. 



In the Evershed Megger the moving coil type is adopted, z.e. 
the magnet is fixed and the two coils are pivoted. The effect of 
stray fields is diminished greatly by this arrangement, as in other 
moving coil instruments. 

The general arrangement is shown in Fig. 3.17. SN, NS are 
two straight bar magnets which supply the fields for the generator 
and for the ohm-meter itself. 

C is the current coil. P is the voltage coil. 

A is a compensating coil. D is an iron core. 
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E and L are the terminals (earth and hne) for connecting to 
the insulation resistance under test. 

I is the pointer. 

The armature is driven by hand through gearing and generates 
from 100 to 2500 volts {5000 volts with twin generator) when the 
handle makes 160 revolutions per minute. 

The current goes from the -f-ve terminal by terminal E through 
the resistance under test, back by terminal L through a resistance 
Q (to protect the instrument on short circuit) and coil C to the — ve 
terminal. There is also a shunt circuit 
through the high resistance R and the 
coils A and P. The three coils A, P, C, 
and the pointer all move together and 
the directions of the currents in the 
coils are shown in Fig. 3.18. The object 
of coil A, the special shaping of the S 
pole, and the form adopted for the core 
D is to obtain a better divided scale than 
could otherwise be done. 

21. Heating of Conductors 

The heat produced in a conductor of 
R ohms resistance through which a cur¬ 
rent of I amperes flows for t seconds is— 

P watt-seconds. 

The temperature rise of the conductor 
depends upon this and upon [a] the rate 
of loss of heat by radiation, convection, 
and conduction; and [h) the specific 
heat capacity of the material. The lat¬ 
ter affects the temperature only in the Fig. 3.18. 

initial stages. If the current is kept 

constant till the temperature has reached a steady state, the rise of 
temperature is determined by the first two alone. In this case 
the heat produced per second in the conductor must be equal to 
the heat per second leaving it by convection, etc. 

The latter depends upon 

{a) the presence or absence of insulation, 

(&) the extent and nature of the surface of the 
wire, 



(if bare) 
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(if insulated) 


[ 6 ] the thickness and heat conductivity of the 
insulation, 

[d] the extent and nature of the surface of the 
insulation. 


[e) the surroundings, i.e. the freedom of heated 
air to rise from the wire, the presence of 
other bodies in contact with or close to the 
wire, etc. 

The determination of the rate for any particular case is 
therefore a complicated problem, but certain general results can 
be stated. 


I. If two wires, one pohshed, the other blackened or rough, but 
the same in all other respects, carry equal currents, the polished 
one will be heated to the higher temperature. For it is the poorer 
radiator, and so becomes hotter before it radiates heat as rapidly as 
the other. 


11 . An insulated wire may be cooler than a similar bare 
wire carrying an equal current. The nature and thickness of 
the insulation determine whether the increased surface is more 
or less than sufficient to compensate for the drop of tempera- 
ture from the wire to the surface of the insulation. See further, 
Arts. 22, 25. 


22. Carrying Capacity 

The carrying capacity of a conductor is the maximum current 
which can flow through it without causing undue heating. 

An empirical rule for this in the case of insulated copper 
cables is to take 1000 amperes per square inch of cross- 
section, i.e. a constant current density. While satisfactory for 
large cables this is too low for small ones, in which the current 
density can be raised much higher without causing any greater 
rise of temperature. 

In 1911, as the result of a series of experiments at the National 
Physical Laboratory, the Institution of Electrical Engineers issued 
a table of carrying capacities in connexion with their revised wiring 
rules. 

This table is on the basis of a rise of temperature of 20° F. for 
rubber-insulated cables and of 50° F. for paper- or fibre-insulated 
ones, with a margin to allow for contingencies. 
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A few examples are given below for single cables run in pairs 
(up to four may be bunched in the smallest size given).* 


No. OF 
Wires 

Diam. 

Carrying Capacity (amp.) 

Current Density, 

SQ.IN. 


a 

b 

c 

d 

c 

d 

3 

•036" 

3*0 

6-4 

10 

10 

3 340 

3340 

7 

•044" 

10-5 

18 

31 

42 

2 970 

4 000 

19 

•064'" 

60 

75 

83 

135 

I 370 

2 240 

37 

.083" : 

196 

; 197 

184 

1 296 

920 

I 480 

[27 

•103" 

1040 

77 A 

595 

932 

575 

1 900 


«. At 1000 amp. per sq. in. b. By old rule I = 2*6 A® 

c. I.E.E. table for rubber-insulated cables, 

d. I.E.E. table for paper-insulated cables. 



Fig. 3.19. Fig- 3-20.— Porcelain Fuse- 

Fuse Strip. holder. 

* For complete tables see the " Regulations for the electrical equipment 
of buildings'' of the Institution of Electrical Engineers, Tenth Edition. 
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23. Fuses 

Fuses are short pieces of metal which melt when an excessive 
current flows through them for a sufficient time. The circuit is 
thereby interrupted and so damage by overheating is prevented at 
the expense of the fuse. The greater the current the shorter the 
time needed to melt the fuse. 

For small currents (up to 20 A.) tin wires are used, or an alloy of 
tin and lead. The B.S.I. standard alloy consists of 63% tin and 



(a) (6) 

Fig. 3.21 .—"Zed” Fuse. 

U, Porcelain bods'. C, Screw cap, F, Fuse. G, Guage ring to prevent insertion 

of larger fuse. 

(a) Side view of parts. ib) Front view, no mal. Front view, fuse blown. 

lead. For larger currents copper is usual, or occasionally 
silver. Aluminium is not very satisfactory, as its fusing current 
is variable owing to a skin of oxide sometimes forming and holding 
up the molten metal within. Zinc (in strip form only) is good 
if a fuse wdth a considerable time-lag is required {i.e. one which 
does not melt very quickly with a small overload). For still 
larger currents copper strip is used in place of wire, the width of the 
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strip being reduced at the centre to ensure melting occurring there 
(see Fig. 3.19). Copper strip or wire should be tinned to protect it 
from oxidation. 

The fuse may be freely exposed to the air, but is generally 
supported on a porcelain holder such as the one shown in Fig. 3.20. 

To diminish the liability to damage by the splashing of molten 
metal when a short circuit occurs fuses may be protected, i.e. enclosed 
in a porcelain or fibre tube with open ends, or enclosed, i.e. com¬ 
pletely shut in such a tube. In the latter case the tube is filled with a 
refractory non-conducting powder {e.g. sand, french chalk, etc.) to 
prevent the formation of an arc; and sometimes the centre portion 
of the tube is not filled, so as to ensure the fuse breaking there. 

A circular type of porcelain fuse-holder has been widely adopted 
in Europe and the U.S.A. An example of this is the " Zed ” fuse 
of Siemens (see Fig. 3.21). 

24. The Carrying Capacity of Fuses 

This depends mainly on the metal used and the cross-section, 
but is afected also by the length, the state of the surface, and the 
surroundings of the fuse. As stated in Art. 21, when the tempera¬ 
ture is steady— 

Heat produced per sec. = heat lost per sec. by convection, radiation, 
and conduction. 

If it is assumed that the heat lost per second is proportional to 
the surface, then for round wires 

PR =: surface x constant — d x I X const, 
where d = diameter of wire 

and I = length 

Further R 

4 

P 

or for any particular metal 

P 



4 

— dxlx const.; 

d^ 

=— X const. 

P 

— X const. 

= a 
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This is the ordinary ''fuse law,” and Preece has given the 
values of a shown in Table C. 

The truth of this law is doubtful. 


TABLE C.-FUSE CONSTANTS (Formula/= 

(Sir W. H. Preece.) 


Material 

Value of Constant 

d in inches 

d in mils 

d in cm. 

d in mm. 

Copper 

10244 

0-324 

2530 

80 

Aluminium 

7585 

0 

CO 

1873 

59 

Iron 

3148 

•0996 

111 

24-6 

Tin. 

1642 

•0520 

405*5 

12-8 

Lead 

1379 

•0436 

340*6 

10-8 


A. Russell (Proc. P^s. Soc., Vol. 22, p. 432) shows that a more 
probable law^is I oc because the heat dissipated by convection 
varies as Vd. He supports this by the results of experiments by 
Schwartz and James.* 

All the above apply to the "normal fusing current ” (N.F.C.), 
i.e. the least current which will melt the fuse if sufficient time is 
allowed for heating up (cf. Art. 21). 

The length of the fuse affects the fusing current, since some of 
the heat will be conducted to the terminals and dissipated from 
them. Hence the shorter the fuse the greater the fusing current. 
For a fixed length the percentage increase of current is greater the 
larger the fuse. The reason for this is that the heat conducted 
varies nearly as and so increases faster with size than does the 
heat dissipated in the other ways (see further Art. 25). 

The size of the terminals has some effect on the fusing current 
for the same reason. This effect is shght unless the terminals are 
so small that they become very hot. 

In any case the effects of the holder in which fuses are usually 
placed modify the fusing current. In the type in which the fuse 
wire is in contact with porcelain the fusing current is increased, the 
increase being most marked with small fuses. In the type in which 
the fuse runs down the centre of a tube the fusing current is 
diminished. 


Journal Inst. E. E., Vol. 35, p. 364. 
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Experiments on tin by the author* lead to 
result 


1 Qcd 


the approximate 


for tin wires in a given fuse-holder. 

The state of the surface evidently may cause considerable differ¬ 
ences between two fuses similar in all other respects (cf. Art. 21). 
The same applies to the powder used for packing enclosed fuses. 
A stranded fuse will fuse with less current than the product of the 
fusing current multiplied by the number of strands, as the following 
table shows:— 


No. of wires: 3, 4, 7. 

Fusing current 
Fusing current for i wire * 


The above ratios are, however, considerably affected by the 
form of fuse-holder used.f 

If the strands are twisted together the fusing current will be 
reduced further. 


25. Fuses of Rectangular Section 

Fuses of this type will carry currents depending on their shape 
as well as on their cross-section and material. F.g. by doubling 
the breadth and halving the thickness the surface area is increased 
and the escape of heat facihtated, thus the fusing current is increased 
without changing the cross-section. 

The following approximate rules, due to Schwartz and Jamest 
take this fact into account. 

For copper in. long:— 

Fusing current = 36,500 x J X -f -00355) amperes. 

If placed horizontal the N.F.C. is 10 per cent. more. 

For lead:— 

Fusing current = 2060 X (& + ’016) x amperes. 

For zinc:— 

Fusing current = constant x (6 d- *04) X (^ + *004) A. 
where h — breadth of strip in inches 

and t = thickness of strip in inches. 

* Journal Inst. E. E., Vol. 44, p. 162. 

I See further Schwartz and James, and Maccall, loc cit. 

% EL Rev., Vol. 57, p. 792. 
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The constant multiplier varies with the length of fuse employed; 
e.g. for zinc this constant is ii,ooo for fuses 3 in. long, and 9,500 for 
4 in. fuses in a vertical position. If the fuse is placed horizontally 
the constants are increased by about 300. The formula holds for 
thicknesses from *004 in. to *04 in., and for breadths from o*i6 in. 
to 0*6 in. It is purely empirical and the following formula (also 
empirical) obtained by the author fits the experimental results at 
least equally well and is more rational:— 

Fusing current for zinc strips = const. X A®-’® x amperes, 
where A = cross-section in sq. in. 

P = periphery — 2 [h -{-t), 

and the constant is 5200 for a fuse 3 in. long placed vertically, and 
4500 for a 4 in. vertical fuse. 

This has the advantage of showing more clearly the effect of 
changes of shape apart from change of cross-section and of being 
applicable over a wider range, though it is not quite so convenient 
to use. 

For aluminium the formula is similar to that for zinc, being 
fusing current = constant X (& + *035) X -f *0024), amperes. 

For fuses 4 in. long, in horizontal position, the constant is 20,000; 
increasing to 24,000 for 3 in. fuses, and 30,000 for 2 in. In the 
vertical position the currents are 10 per cent. less. 

26. Electric Heaters 

Electrical energy is converted into heat easily, and the efficiency 
of conversion is 100 per cent, in all forms (with the exception of a 
small percentage turned into light in some forms), but the heat 
may not be all developed where it is required. 

The forms of heaters used may be classified as— 

(i) Radiators. (2) Convectors. 

In the first class the heating element sometimes consists of 
carbon filament lamps (see Chapter XIII.). These are heated to a 
bright red, and owing to this lower temperature they last longer 
than similar lamps used for lighting. Each lamp consumes about 
250 watts of electrical power and produces a corresponding amount 
of heat per second. The bulbs are 9 in. long and 2I in. diam., and 
are obscured. The heat is given ofi partly by radiation and partly 
by air convection. 
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A variant was the Bastian heater, which consisted of wires of 
Nichrome inside quartz tubes, men current passed through 
the wire the quartz tube became red hot. Consequently a larger 
proportion of the heat was radiated than from a lamp radiator. 

The usual type consists of resistance wire spirals with a 
refractory support. 

Frequently polished metal reflectors are used to direct the heat 
in desired directions. These do not affect the total heat produced, 
but may increase ^eatly the useful heat, just as a reflector may 
increase the useful light (Chapter XIV.) 

An example of a convector is the Prometheus heater. The 
heating element consists of very thin metallic films deposited on 
mica. The working temperature is comparatively low, so that 
nearly the whole of the heat is given ofi by convection. 

A more recent pattern is the Thermovent. In this a ribbed 
heating element heats the air, which flows out horizontally through 
a series of ducts. There are three of these, one inside another; 
and as they are heat-insulated from each other, the outer casing 
remains at a low temperature. 

The volume of air passed per kilowatt of loading is 2600 cubic 
feet an hour: the velocity of the air stream from the convector is 
about 140 feet a minute. Consequently there is considerable 
circulation of air in the space to be heated, and the whole of it 
becomes warmed in an hour or less. 

The low temperature of the casing prevents any fire risk and has 
advantages for portable patterns. The heat is distributed widely, 
and more uniformly than with radiators; this is preferable in many 
applications. 

If so desired, the cool air may be drawn in from outside; this 
furnishing ventilation as well as heating. In other cases the cool 
air comes from low down in the room, giving air circulation but 
not true ventilation. 

The advantage of radiant heat is that persons or objects can be 
warmed by it with little heating of the intervening air. Moreover 
the heat can be reflected in any desired direction, whereas in 
convection the heated air always tends to rise. Therefore radiators 
are better for heating particular objects (or persons) and for inter¬ 
mittent use, while convectors are better for warming the whole of 
a room fairly uniformly, and for continuous use. 



TABLE A.-RESISTIVITIES, ETC. 


Resistivity at 59° F. (= 15° C.) 


Microhm. Microhm- Ohms per 
inches. mil-foot. 


Sp. Gi. 

Water 

= I. lb. per Ib. per 
cu.ft. cu.inch. 


Copper (pure) r66 

„ (annealed) .. ' 1-692* 

„ (hard drawn) ^ 1-724* 
Silver (annealed) .. ' 1-557 
Aluminium (hard j 
drawn) .. .. j 2-788* 

Iron, Telegraph Wire ' 12-2* 
Steelrails .. ..jioupwd. 

Lead.121-7 

Mercury .. •• !95'4 

Nickel (commercial) 11-8 
„ (electrolytic) ' 7-6 
Platinum .. ..'11*54 

Tin.II ■ 

Tungsten .. .. 4-8 

Zinc.6 

Alloys. | 

Cadmium-Copper .. 2-054 

Constantan (Eureka) 

60 % Cu, 40 % Ni 46 
German Silver— 

(a) 50 % Cu, 30 %; 

Ni, 20 % Zn .. 39 
(i) 62 0/, Cu, 15 % 

Ni, 22 % Zn .. 27 
(c) 6 Cu, I Ni, 3 Zn , 21 

Manganin— i 

84 % Cu, 12 % Mn, I 

4 %Ni .. .. |44 

Nickel Chrome .. 93-5 

Nickel Steel .. ..84 

Platinoid- 
German Silver— 

(a) + I % Tungsten! 42 
(t) .. '34 

Platinum Silver— j 

67% Pt, 33% Agl24-2 
Carbon— i 

Graphite ., .. 13000 

Gas retort or fila-)! 4000 
ment .. /, to 7000 


0-809 ' 12*4 
18-3 279 


10-6 ; 160 

8*3 i 126 


16-5 250 

13-4 200 


8*90* 555 *' '321* 


: 2 - 70 * 169 * - 098 * 

; 7-86 ■ 490 . -28 

8 i 500 -29 

n‘4 710 -41 

I3‘57 i 850 -49 

}i 8*9 I 555 ' '321 

21-5 11340: -78 
7'3 455 : ’26 

18-8 1170 .68 

I 7'i 400 ; -25 


8-9 1 556 '32 
8'88 555 -32 


8-91 • 

8 -g/! 555 ’32 


8*5 i 550 ^ ' 3 ^ 


! 1200 j 18,000 1 
11600 to 124,000 I 
I 2800 i to 

42 , 000 ; 


!i8 1120 ; -65 

i i 

j 2*3 145 I '08 

'[rg 120 I -07 


;graph wire are derived from those 
the best experimental results, 
imall), 
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TABLE B.—ANNEALED COPPER WIRE. 


S.W.G 

Dl 


No. 

Inch 

Mm. 

0 

-324 

•230 

I 

*300 

*620 

2 

•276 

*010 

3 

-252 

1-401 

• 4 

■232 

i-893 

5 

*212 

i-385 


•192 

4-877 


•176 

4-470 


*160 

4-064 

9 

•144 

3-658 

iO 

•128 

3-251 

11 

•116 

2*946 

12 

*104 

2*642 

^3 

*092 

2*337 

14 

*080 

2*032 

15 

*072 

1*829 

£6 

•064 

1*626 

w 

•056 

1*422 

18 

•048 

1*219 

19 

•040 

1*016 


20 

•036 

*9144 

21 

•032 

•8128 

22 

•028 

•7112 

23 

•024 

*6096 

24 

•022 

•5588 

25 

•020 

*5080 

26 

*018 

- 457 ' 

27 

*0164 

•4166 

2S 

•014.' 

•3759 

29 

•0136 

-345 

30 

•0124 

•3149 

31 

•0116 

•2946 

32 

•0108 

■2743 

33 

■0100 

*2540 

34 

•0092 

-2337 

35 

■0084 

•2134 

36 

•0076 

■ 193 ' 

37 

■0068 

•172 

38 

*0060 

•1524 


Sectional Area 


Sq. Inch Sq. Mm. 


08245 53-19 

*07069 45*6o 

-05983 38-60 

04988 32*18 

•04227 27*27 

.03530 22*77 

02895 i8*68 

•02433 15-70 

*02011 12*97 

*01629 10*51 

*01287 8*303 

*01057 6*819 

*008495 5-480 

*006648 4*289 

•005027 3-243 

*004072 2*627 

■003217 2*075 

■002463 1*589 

•001810 1*168 

•001257 *8109 

•001018 *6567 

•000804 *5188 

■000616 *3973 

•000452 *2919 

•000380 *2453 

•000314 -2027 

■000254 *1642 

•000211 *1363 

•000172 *1110 

•000145 *09372 

•000121 *07791 

•000106 -06818 

•0000916 *05910 

•0000785 *05067 

*0000665 *04289 

•0000554 *03575 

•0000454 -02927 

■0000363 *02343 

•0000283 *01824 


Ohms 

Lb. per per 1000 
1000 Yards at 

Yards 15° C. 


953-4 -2909 

817-6 -3393 

692-0 *4009 

576*7 *4809 

488*8 *567 

408*2 *679 

334-7 *828 

281*3 *985 

232*5 1*192 

i 88*4 1*471 

148*8 1*862 

122*2 2*268 

98*24 2*821 

76*88 3*605 

58*13 4-768 

47*09 5-89 

37*20 7-45 

28*48 9-73 

20*93 13-24 

14-53 19-07 

11*77 23-54 

29-80 

7*120 38*92 

5-233 53-0 

4-392 63-0 

3*633 76-3 

2-942 94-2 

2-440 113-4 

1-989 139-3 

i *676 165-0 

1*399 198*4 

1*222 226*8 

1-059 261*6 

•9085 305*1 

*7688 360*5 

■6406 432*4 

.5249 52S 

■4197 660 

3272 ' S48 



97 

85 

75 

64 

57 

48 

42 

36 


27 

21 

18 


12*4 

9*8 

8-2 

6-8 

5*4 

4*2 

3-2 

2*6 

2*2 

1*7 

1-35 


1*0 


To obtain external diameter 
D.C.C. (fine) 

No. 34 to No. 18 . .add 7 mils... 

No. 17 to No. 9.10 

No. 8 and larger „ it .. *■• 


of Cotton Covered Wires. 

^ C.C. (ordinary) Braiding. 

add 10 mils.add 15 mils 

12 „ . .. 18 ,, 

14 „ . 22 
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QUESTIONS ON CHAPTER III 

1. Define the specific resistance of a metal. A wire made of a certain 

alloy 0-09 inch diameter has a resistance of 0-047 yard. Find the 

Sp. R. of the alloy. 

How many yards of the same material, drawn to o-oi8 inch diameter, 
would have a resistance of 100 ohms ? [C. & G., T. 

2. Find the rise in the mean temperature of a shunt field winding the 
resistance of which increases 20 per cent, on load. 

3. A coil of wire has a resistance of 11-73 ohms at 15® C., and of 15-67 
ohms at 100° C. What is its temperature coefficient, and what would its 
resistance be at 0° C. ? 

4. The resistance of a sample of pure copper is 16-3 ohms, whilst that of 
an exactly similar piece of commercial copper is 16*55 ohms. What is the 
percentage conductivity of this commercial copper ? 

If the temperature at which it was measured was 16® C., what would the 
resistance be at 0° C. taking the temperature coefficient as 0*00428 per ° C. 
at 0° C. 

5. Calculate the diameter and equivalent cross-section of 3/18, 7/18, 
19/18, and 37/18 cable. 

What effect has stranding on {a) the resistance, (b) the weight, of a cable ? 

6. Calculate the resistance per mile of a /-oya inch cable given 
resistivity of copper = | microhm per inch cube. Make no allowance for the 
stranding of the wires. 

7. If the resistance of a cable 585 yards long is 0-627 ohm, and its 
insulation resistance 1054 megohms, what are the respective values per mile ? 

8. What is the effect of temperature on resistance ? 

If the resistances in Question 7 were measured at 60° F., what would they 
become if the temperature rose to 75® F. ? (Temperature coeff. for copper 
at 32® F. = -00238 per ° F. Insulation material has its resistance halved by 
a rise of 12® F.) 

9. Describe the direct deflection method of measuring the insulation 
resistance of a cable, and the use of a “ guard-wire." 

10. Explain why the increase of thickness of insulation of a cable does not 
cause a corresponding increase of the insulation resistance per mile: and why 
the smaller of two cables, insulated with the same thickness of the same 
insulation, has a higher insulation resistance per mile. 

Why is the expression " insulation resistance per mile ” somewhat mis¬ 
leading ? 

11. A 37/15 cable with rubber insulation 80 mils thick has an insulation 
resistance of 600 megohm-miles. What will be the I.R. per mile of a 7/18 
cable with similar insulation 44 mils thick ? 

12. Describe the action and method of use of any one type of ohm-meter 
or megger. 

13. Calculate the carrying capacity of a 7/*o64 inch cable by the rule 
I = 2*6A''-®2. What is the current density in this case ? 

14. Calculate the currents carried by 3/18 and 7/18 cables (a) at 1000 amp. 
per square inch, (&) by the rule I = 2*6A°-®^. Calculate the ratio of the 
currents also. 

Why would you expect the larger cable to carry less than | of the current 
carried by the smaller ? 
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15. If 5-2 amp. fuses a 24 S.W.G. (22 mils diameter) tin wire, what current 
will fuse a 19 S.W.G. (40 mils diameter) tin wire ? 

Calculate the current density in each case, and explain why the values are 
different. 

16. In w'hat way and to what extent are the fusing currents of wires 
affected by the fuse-holders ? 

17. If a zinc strip *4 inch by -oi inch fuses wdth 67 amp., find the fusing 
current for a zinc strip of the same length, half the width and double the 
thickness. 

18. From the particulars given in the previous question calculate the fusing 
current of a zinc strip of the same length, double the width, and half the 
thickness. 

19. Assuming that the heat dissipated by conduction varies inversely as 
fuse length, find the values of the constants for zinc strips, [a] long; (6) 2Y 
long. 



CHAPTER IV 

ELECTROMAGNETISM 


I. Electromagnetism 

When an electric current is passing through a conductor the 
space in its vicinity possesses certain magnetic properties, or, in 
other words, a magnetic field is produced. The subject of Electro¬ 
magnetism deals with the dependence of these fields on the 
disposition of the conductors, the strengths of the currents in them, 
and the nature of the materials in their neighbourhood. Certain 
subsidiary problems arise in dealing with these, and may be classed 
under the same heading. 

2. Magnetic Fields: Lines of Force and 
of Induction 

Magnetic fields, whether due to current- 
carrying conductors or to magnets, are 
thought of as consisting of magnetic lines 
of force. These are lines so drawn that 
the tangent at any point is in the direc¬ 
tion of the magnetic force at that point. 
The direction of the lines is taken as that 
in which a N. pole would be urged. The 
lines may further be made to represent 
the strength of the field at every point by 
choosing their number and distribution in 
such a way that the number of lines per 
sq, cm. of area, taken perpendicular to the 
lines, is equal to the strength of the field 
at that point, i.e, the force in dynes exerted 
on unit magnetic pole (see Chapter IL). 

Under these conditions each line is continuous from a point of 
N. polarity to one of S. polarity, and the circuit is completed by a 
line of induction through the iron or other magnetised body. An 
example is shown in Fig. 4.01, which represents the steel permanent 
magnet and soft iron core of a mo\dng coil ammeter. The line of 
force PQ starts from the point P on the N. pole and finishes at the 
point Q on the S. pole, and its circuit is completed by the line of 
induction QRP. Similarly we have a circuit composed of the lines 
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Fig. 4.01 .—Magnetic Cir¬ 
cuit OE A Permanent 
Magnet. 







Field Strength 


6 :; 

of force TU and VW, and the lines of induction UV and WXT: in 
every case the circuit is a complete one. The lines of induction 
may be considered as strings of the small magnets of which a 
magnet (permanent or not) consists, according to the molecular 
theory of magnetism. 

3. Field Strength 

The strength of magnetic field at a point P in air, due to a current 

I Bl 

of I amperes in a short piece of a conductor, is —» 

lor^ 

where Bl ~ length of conductor in centimetres, measured perpen¬ 
dicular to the line PQ joining P to the conductor 
(see Fig. 4.02), 

and r = length of PQ in centimetres. 

The direction of the field is perpendicular to PQ 
and to the short piece of conductor. The 10 in the 
denominator is due to the fact that an ampere is 
i/io C.G.S. unit of current (see Chapter II.). 

Hence the field at the centre of a coil of 75 turns 
of radius r cm. 

I _ 277 .TT 

- - X 

lor lor 

where TT = ampere-turns. 

Note that the respective values of the current 
and of the number of turns makes no difference as 
long as their product is unaltered. The symbol TT 
is used to emphasise this fact. It may be pro¬ 
nounced “ atts ” in reading, or given the full name 
ampere-turns.” Similarly the symbol 75 for the number of turns 
may be called turns ” in reading. 

The strength of field at any point due to any arrangement of 
current-carrying conductors can be obtained by the use of the first 
formula by adding vectorially the forces due to each small portion 
of the conductors. For instance, it can be shown that the strength 
of field due to a long straight conductor at a point y cm, from it is 
2T 
lor 

In the case of a circle the field increases in strength as the 
conductor is approached: this increase is less than i per cent, for 
points whose distance from the centre is less than Ir. 





I* om. 


p..;l 

Fig. 4.02 
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4. Right-Hand Screw Rule 

Reversal of the current causes reversal of the direction of the 
field it produces, and the relation between the two is conveniently 
remembered by the right-handed screw rule, which may be used in 
either of the following two forms:— 

1 . If a right-handed [i.e. ordinary) screw is turned in the direction 
in which the current flows, it will advance in the direction of the 
magnetic field due to that current [see Fig. 4.03 (a)]. 

IL If a right-handed screw is made to advance in the direction 
of the current, its direction of turning will be that of the field due 
to this current, as is indicated by the curved lines in Fig. 4.03 (6). 




Fig. 4.03. —Relative Directions of Current and Magnetic Field. 

The former is more convenient for circular coils, and the latter 
for straight conductors. Their agreement can be tested readily by 
applying both to the same case. 

5. Solenoid 

Another important case is that of a solenoid, viz. a cylindrical 
coil of constant radius, and usually uniformly wound (see Fig. 4.04). 

If the length of the solenoid is large compared with its 
radius, the strength of the field at the central point of the axis is 
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— X ampere-turns per centimetre, or in symbols 


where I = length of solenoid in centimetres. (For proof see Art. 12.) 

The strength of field at other points on the axis inside the coil 
remains nearly constant at this value till the ends are approached. 
At the mouth of the coil the strength is just half the above, and 
outside it falls rapidly to very small values [see Fig. 4.04 {h)]. 

6 . The Effect of Magnetic Material 

The presence of iron, or other magnetic material, inside or near 
to a current-carrying coil causes an increase in the number of 
magnetic lines produced. The amount of the increase depends on 
the shape, position, and quality of the material. For instance, the 
placing of a soft-iron 
core in a solenoid will 
increase the dux, pos¬ 
sibly a thousand-fold 
or more if the core 
fills the coil, and by 
a less amount in pro¬ 
portion to the cross- 
section of the core. Fig. 4.04 .—^Magnetic Force of Solenoid. 
Similarly, a shorter 

core produces less increase, though not in direct proportion to its 
length. Again, if the core is placed only partially within the 
solenoid the increase is less than before. 

A cast-iron or a hard steel core will cause an increase of flux, but 
the increase is less than with a geometrically similar soft-iron core. 

7. Permeability 

The above-mentioned difference in the magnetic behaviour of 
different materials is taken into account by means of what is known 
as the permeability (/x) of the material, w^hich is defined as follows:— 

The permeability of a material is the ratio of the strength of the 
magnetism produced in it to that produced in air under the same 
conditions. 

Or:—Let H = the magnetic force at any point in the material 
due to current-carrying conductors and magnet poles, including 
those of the piece of material under consideration (see Art. 9), 
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and let B = the flux-density (lines of induction per sq. cm.) at 
the same point, 

g 

Then the permeability (/a) = t: . 

n 

In air (or more strictly in a vacuum) B and H are equal (cf. 
Art. 2), since the permeability of a vacuum is taken as unity. 

The permeability of nearly all materials is almost exactly unity. 
The most important exceptions are the various forms of iron and 
steel (see Table D, page 93, for values of [jl for the most usual 
varieties). The only other exceptions are nickel, cobalt, and 
certain special alloys. The most interesting of these last is 
Hensler’s Alloy (i part of aluminium, 2 of manganese, and 4 of 
copper) which has a permeability about a third of that of the best 
pure iron. 


8 . Circular Ring 

The case of a ring of uniform cross-section, and with a uniform 
winding, is a convenient one to consider. The section may be 
circular (the ring is then called a toroid or mchor-ring) or of some 
other shape, provided only that it is the same all round. No poles 
are then formed, and the magnetic state is the same at all cross- 
sections. Moreover, if the radius of the ring is large compared with 
the dimensions of the section, the magnetic force and magnetisation 
are very nearly the same at all points of the section. 

Under these conditions and with a core of non-magnetic material— 

The magnetic force at any point inside the winding is ^ 

X ampere-turns per cm. length of coil, and the magnetic induction 
or flux-density has the same value, 


or 


att TT 

B = H = ^ 

10 I 


If a complete iron core is substituted and no other change made 
in the coil or the current, H is unchanged, while B is increased in 
the ratio of the permeability of the iron. 


or 


B = /x.H = 


4 ^ 

10 i ' 


Exactly the same applies to a very long solenoid; in fact, the 
ring is almost equivalent to an endless solenoid. 



Permeability. Demagnetising Effect 6q 

9, Demagnetising Effect 

If an incomplete iron ring, or a solenoid with a short iron core is 
employed, the magnetic force (H) is diminished by the poles pro¬ 
duced in the iron. This may be called the self-demagnetising effect, 
and cannot be calculated except in certain cases, e.g. for an ellipsoid. 
The values for this case and for the practical case of a straight 
bar of uniform circular section are given in Table E (page 94), 

This demagnetising effect may be more evident if it is noticed 
that (H) the true magnetic force at a point is the force on unit pole 
placed at that point in a small cavity whose sides are everywhere 
in the direction of the lines of induction. The walls of such a cavity 
show no polarity and hence produce no force on the pole, its only 
object being to enable the (imaginary) unit pole to be placed within 
the metal. This unit pole will be acted on by a force of dynes 
due to current-carrying conductors and magnets in its neighbour¬ 
hood: this is called the apparent magnetic force. It wiU also be 
acted on by a force of Hg dynes, due to the poles produced in the 


piece of metal under consideration: this is called the self-demagnetis¬ 
ing force. The true magnetic force is the resultant (vector sum) of 
these two. Usually and Hg are directly opposed, so that 

H = Hi - Hg. 


/aV . . .. - A 

A _ pL 

(j X. i, js 1 

U ID 


{a) {b) 

Fig. 4.05. Magnetic Force and Flux-Density. 


10. Flux-Density 

A more concrete idea of the meaning of flux-density can be 
obtained in a somewhat similar manner. 

Imagine an air-gap perpendicular to the lines of induction and 
of infinitesimal breadth. This will not alter the number or distri¬ 
bution of the lines, but allows them to issue into the air and then 
re-enter the iron. The force in dynes on a unit pole placed at a 
point in this imaginary air-gap measures the value of the flux- 
density (magnetic induction) at this point [see Fig. 4.05 {b)]. 

11. Magneto-Motive Force 

Except in the simple cases already dealt with, viz. a uniform 
ring and a uniform straight bar, the notion of the magnetic circuit 
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requires amplification. Two new conceptions are introduced, the 
first of which is that of magneto-motive force (M.M.F.). 

The magneto-motive force in any magnetic circuit is 
measured by the work (in ergs) done on unit magnetic pole 
moved round this circuit. 

The difference of magnetic potential between two points is 
the work done on unit magnetic pole moved from one to the 
other: the point in moving towards which work is done being 
at the higher potential. 

It will be seen on comparing these with the definitions of electro¬ 
motive force and difference of electric potential (Chapter 11 .) that 
the only change is the substitution of unit pole for unit quantity. 
All that applies to the latter applies equally to the magnetic 
quantities, with the necessary changes. 

12. Relation of Magneto-Motive 
Force and Magnetic Force 
Since H is the force on unit 
pole, the above definitions may 
be written in the form 
M.M.F. = jH.df/, 
the integration being extended 
round the circuit considered, and 
I being the distance in cm. from 
some fixed point in the circuit. 
And similarly, 

difference of magnetic potential = J 

taken between the limits corresponding to the two points. 

Expressing this graphically:—If the magnetic force at different 
points of a circuit is plotted to scale (see Fig. 4.06), the difference of 
magnetic potential between any two points is the area between the 
curve and the /-axis cut off by the ordinates corresponding to these 
two points. Similarly the M.M.F. is obtained by taking the whole 
area when the H-curve is continued completely round the circuit. 
If H is negative at any point the curve comes below the /-axis and 
the corresponding portion of the area is reckoned negative. 

Take the case of a long solenoid (see Fig. 4.04). As stated in 
Art. 5, H is nearly constant for points along the axis inside the coil, 

and has there the value ~ X (ampere-turns per cm.). 



DISTANCE ALONG THE CIRCUIT / 


Fig. 4.06 .—Relation of Magnetic 
Potential to Magnetic Force. 
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Hence the difference of magnetic potential between two points 
/ cm. apart on the axis 

= H X Z = - X ampere-turns per cm, x I 

Att 

= — X ampere-turns in length 1. 

Since H rapidly falls to very small values on moving outside the 
coil, the actual curve of H may be replaced by a rectangle of a 
length equal to that of the coil [see Fig. 4.04 (c)]. It follows that 
the total magneto-motive force of the coil is equal to the area of 
this rectangle, i.e. to 

~ X ampere-turns per cm. x length of coil 
473” 

= — X total ampere-turns. 

13. Relation of Magneto-Motive Force and Ampere-Turns 
Magneto-motive force may be due to the presence of permanent 

magnets or of current-carrying conductors, or to both. In any 
magnetic circuit in which it is due to electric currents only the 
following important relation is true, 

I 473 " 

M.M.F. = 47 rX — XTS—— XTT — 1*257 X TT, 

10 10 

where I = current in coil, in amperes, 

7S = number of turns in coil, 

TT = I X ty = ampere-turns. 

Or, in words, the magneto-motive force in any magnetic circuit 

due to a coil is equal to times the ampere-turns of the coil. 

The result for a long solenoid (Art. 12) is a particular case of 
this general relation, and is exact in spite of the approximations 
employed in obtaining it. 

14. Reluctance 

This is the second new conception referred to in Art. ii. It 
depends on two quantities already defined, and is itself defined as 
follows:— 
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The reluctance (R) of a magnetic circuit (or portion of a circuit) 
is the ratio of the M.M.F. applied to the circuit, to the flux produced 
by this 


where 0 — total magnetic flux. 

Reluctance depends on the form and material of the circuit, and 
on the jinx in the circuit. 

Thus the reluctance of a circuit of uniform cross-section is 
proportional to the length of the circuit, or R oc Z. 

Again the reluctances of circuits of equal length are inversely 

proportional to their cross-section, or R oc ^ 

A 

Combining the above in one formula, R oc 

A. 

Further it depends on the material of the circuit, for 



^ being the permeability of the material as already defined. 

Thus a circuit of high permeability has correspondingly less 
reluctance than one of low permeability. 


15. Relations of Magnetic Quantities 

This last relation follows from applying the definition of reluc¬ 
tance to any uniform electromagnetic circuit, uniformly wound, for 

M.M.F. _ —^ _ Hi _ ±_ 

Flnx ~ B.A ~ u.A’ 

0 ^ 


Since the permeability of magnetic materials is variable (see 
Table D, page 93) the reluctance of a given circuit is not constant, 
but depends on the flux-density in the circuit. 

From the above relation can be obtained the useful formulae— 


B = 


M.M.F. 4^ 


—r X A 
[lA 


477 TT Lt.TT 


TT = ■ 


47r 


Bl 

, _ = 0-8 ~. 


and 
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Example i. Determine the reluctance, the M.Ii'LF., the magnetic force, 
and the ampere-turns necessary to produce flux-densities of [a) 5000, [b] 10,000, 
and (c) 14,000 lines per sq. cm. respectively in a transformer core with a mean 
length of magnetic circuit of 60 cm. and cross-section 40 sq. cm. Assume that 
the permeability has the values 2500, .2000, and 1000 at the above flux-densities. 


Reluetance = — 
/iA 


{a) R = 
(b) R = 
{c) R = 


60 


M.M.F. = Flux X Reluctance = ^ 


2500 X 40 
60 

2000 X 40 

_60 

1000 X 40 
01 


= -00060. 
= *00075. 
= *00150. 

b; 




(a) M.M.F. = 
(i) M.M.F. = 


_ 5000 X 60 _ 


2500 
10000 X 60 


2000 


- = 300. 


(c) M.M.F. = = 840. 

Magnetic force (H) = ~ = — — (a) 2 ; (&) 5 (c) 14. 

fj. i 

Ampere-turns = — x M.M.F.: = [a] 96 (6) 240 (^) 670. 

4 ’r 

16. Comparison of Magnetic and Electric Circuits 

There are many points of resemblance between these two forms 
E.M.F. M.M.F. 

of circuit. Tust as current = —so flux = — —- - - -- and 
resistance reluctance 

there are thus three magnetic quantities corresponding to the three 
electric quantities. Current and flux correspond, and both magnetic 
flux and electric flow must take place in a closed circuit. The 
electro-motive and magneto-motive forces correspond, and, as 
pointed out in Art. ii, they are defined in similar ways. Finally 
resistance and reluctance correspond, and both of them vary as 
length area of the circuit, and are dependent on the material of 
the circuit (Art. 14). 

In comparing the electric resistance formula ^ ~ ^ 

magnetic reluctance one, R = it is seen that /x may be called 

the relative magnetic conductivity of a substance, air being the 
standard with /x = i. 

There are, however, two very important differences between the 
magnetic and electric circuits. 
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Firstly /x (see Art. 15) is not constant for a given magnetic 
substance, unlike p, which remains constant provided the tempera¬ 
ture of the substance is unaltered (see Chapter III.). In other 
words, Ohm’s Law does not hold for magnetic circuits (except when 
no magnetic substances are present), the flux not being proportional 
to the M.M.F. applied, though increasing with its increase. A 
reference to Table D (or Fig. 4.09) will illustrate this. 

Another important difierence is that there are no magnetic 
insulators. The ratio of the highest to the lowest permeability is 
about 3,000; whereas for electric conductivity the ratio is enor¬ 
mously great (cf. Chapter III.). 


17. Magnetic Leakage 

This absence of magnetic insulators 
leads to magnetic leakage, ie. the straying 
of magnetic lines to places where they are 
useless, or even harmful. 

Thus in Fig. 4.07 suppose a flux is to 
be produced in the air-gap G, by a current 
in the coil A wound on the iron core BC. 

At the same time a number of magnetic 
lines I, /, I are produced, which are useless 
for the above purpose. These lines are 
called the leakage flux. This leakage takes 
place continuously in passing from the 
centre of the coil, where the flux is evi¬ 
dently a maximum, to either side of the Fig. 4.07 .—Magnetic 
air-gap, so that the value of ^ continually Leakage and Fringing. 
varies. To reduce the labour of taking 
this into account it is usual to assume 

that 0 remains constant at its maximum value for the iron part 
of the circuit: the error thus introduced is on the safe side, as it 
causes the M.M.F. calculated to be slightly greater than what is 
actually necessary. This leakage is taken into account by means 
of a Hopkinson leakage coefficient, this being defined as the ratio 
of the maximum flux to the useful flux, or in symbols 
0 

u = and so 0 ^ = u. 0 . 

At the same time the fringing which occurs at the edges of the 
air-gap (as /, /, Fig. 4.07) increases the effective cross-section of the 
air-gap above that of the pole-faces, and this may be taken into 












Magnetic Circuit Calculations 


75 


LENGTH OF AIR-GAP account approximately by adding a strip 
whose width is half the length of the gap all 
round the area (as shown in Fig. 4.08) when 
the two pole faces are of equal size, or a strip 
of width equal to the gap length when one is 
much larger than the other. In the latter 
case the addition is made to the area of 
the smaller pole face (see further Chapter 
IX, Art. 22). 

18. Magnetic Circuit Calculations 

The chief difficulty introduced by the 
before-mentioned variation of fi is that it is 
impossible to calculate directly the flux produced by a given 
M.M.F., owing to ju. being unknown till the flux-density is found. 
The reverse problem is soluble, viz. the calculation of the ampere- 
turns required to produce a given flux. When the former problem 
arises it has to be attacked indirectly (see Example 3). 

The latter problem is solved by calculating the ampere-turns for 
each uniform part of the magnetic circuit along a mean line which 
is drawn to scale and measured: the separate ampere-turns are 
then added together (see Example 2), i.e, the formula used is— 

;r = ^°iM + M + ete.| N.B .^5 = o.8o, 

where Ip ... — lengths of mean magnetic paths in centimetres. 
For working in inches and lines per square inch this becomes 



Fig. 4.08.— Allow¬ 
ance FOR Fringing. 


10 j B V _j_ , 

/^2 


477 ( 

= 0*313 


X 


^’54 

( 2 - 54 )^ 


B / j I B2 ^2 I 

If, however, the tables or curves give ampere-turns per cm. 

/ = E? or ampere-turns per inch {= 0*313-) it is simpler to use 
\ 477/x/ V 

these directly, instead of obtaining the value of fi and then calculat¬ 
ing as above. 


Example 2. A ring is made up partly of wroughl-iron of 6 sg. cm. cross- 
section and 20 cm. mean length, and partly of cosi-iron of 15 sq. cm. cross-section 
and 60 cm. mean length, with an air-gap 5 mm. wide in the cast-iron. Calculate 
the ampere-turns needed to produce fluxes of [a,) 60 kilolines and {b) 90 kilolines 
respectively. [Take a leakage factor 1*15 and neglect fringing.] 




IN KILOLINES PER SQUARE INCH 


H IN C.G.S UNITS 
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[d) Flux in iron == 1*15 X 6o = 69 kilolines. 
Tabulate as follows;— 


Part of 
Circuit 

Flux 

IN 

Kilo- 

lines 

Sectional 
Area of 
Circuit 
Sq. Cm. 

B 

/ Kilo- \ 

1 LINES J 

ySg.CM.y 

Mean 
Length 
OP Cir¬ 
cuit 
Cm. 

Ampere- 
turns 
PER Cm. 

Ampere- 

turns 

Air-gap 

60 

15 

4-00 

i 0-5 

3200 

1600 

Cast-iron 

69 

15 

4-60 

I 60 

14-5 

870 

Wrought-iron 

69 

6 

1 

11-50 

i 20 

6-5 

130 


Total 2600 

Ans. 2600 ampere-turns. 


B is obtained by dividing the various fluxes by the corresponding areas. 
The lengths are obtained from the scale diagram of the circuit. 

The ampere-turns per centimetre for the air-gap — — x B x 10®. For 

47r 

the iron they are obtained from the curves plotted from Table D in Fig. 4.09. 


(b) Iron flux = 90 X 1*15 

= 103-5 kilolines. 





Kilolines 

Area 
Sq. Cm. 

6 

Kilolines/Sq. Cm. 

Length 

Cm. 

TT 

PER Cm. 


Air-gap 

90 

15 

6-00 

0-5 

4800 

2400 

C.I. .. 

103-5 

15 

6-90 

60 

39-8 

2390 

W.I. .. 

103-5 

6 

17-25 

20 

61-6 

1230 


Total 6020 


N.B.—^The leakage factor would actually be greater in the second case 
than in the first. 

Example 3. Find ike flux produced ly 4000 ampere-turns in the ring 
considered in Example 2. 

This cannot be done directly. 

(i) If the reluctance of the iron were negligible, then 

^ l!r;zr 45 ^ ^000 X 

_= 150 000 lines approx. ; 

la 0'5 

if total iron reluctance = air-gap reluctance 
^ = 75 kilolines; 

flux in iron = 75 X I’lfl = kilolines. 
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Area B Length 



Kilolines 

Sq. Cm. 

KiLOLiNEs/Sg. Cm. 

Cm. 

PER Cm. 


Air-gap 

75 

15 

5-0 


4000 

2000 

C.I. .. 

86-25 

15 

5-75 

60 

23*4 

1404 

W.I. .. 

86-25 

6 

14-375 

20 

11-3 

226 






Total 3630. 


(ii) Therefore 4000 ampere-turns 'will produce a larger Rux than the above; 
if the reluctance remained constant the air-gap flux produced would be 

X 75 kilolines = 82-6 Hlolines. 

3630 

Owing to increase of the reluctance the flux actually produced will be less 
than this [compare Example 2 (6)]. 

Try 80 kilolines; /. iron flux = 80 x 1*15 = 92 kilolines. 



<5 

Kilolines 

Area 
Sq. Cm. 

B 

Kilolines/Sq. Cm. 

Length 

Cm. 

TT 

PER Cm. 

TT 

Air-gap 

80 

15 

5-33 

0*5 

4260 

2130 

C.I. .. 

92 

1 15 

6-13 

60 

28-3 

1698 

W.I. .. 

92 

6 

15-33 

20 

1.16 

322 


Total 4150 

If a straight line law is assumed to hold for flux and ampere-turns between 
the above two values, then— 

Air-gap flux for 4000 ampere turns = 75 + X (80 — 75) 

= 78-6 kilolines. 

If greater accuracy is required calculate the ampere-turns for this flux, 
and then re-calculate the value as above: or plot flux against K from the 
four cases calculated and interpolate by means of the graph. 

19. Remanence and Coercive Force 

When a piece of iron or steel is magnetised electrically and the 
current is reduced again to zero the iron retains some of its mag¬ 
netism, which is named the residual magnetism. The flux-density 
in this state is called the remanence, and is much greater in some 
materials than in others. It is thus evident that the relation 
between B and H must be different during the decrease of the 
current to what it is with increasing currents. 

If the test piece is unmagnetised at the start, and the magnetic 
force is gradually increased, the relation between this and the 
resulting flux-density will follow some curve such as OA (Fig. 4.10). 
On reducing H gradually to zero, B will diminish as shown by AB, 
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and OB represents the remanence. The specimen can be demag¬ 
netised hy applying a sufficient negative (or reversed) magnetic force, 
named the coercive force. The relation between B and H during 
this process is represented by BC, and OC is the coercive force. 

20. Hysteresis 

On further increasing the negative, or reversed, magnetic force 
the specimen becomes magnetised in the opposite direction; this is 
shown by CD. If the maximum negative value of H equals the 




Fig. 4.10 —^Magnetisation Curve showing Hysteresis, etc. 

maximum positive value (i.e. OM = OL), then the flux-density 
produced will be equal in the two cases, but, of course, in opposite 
directions {i.e. DM = AL). 

On bringing H gradually back to its original positive value the 
curve followed will be DEFA; which curve can be obtained by 
giving ABCD half a turn about 0 as centre. 

If H is again reduced to zero the curve AB is again followed. 
This difference in the values of B for a given value of H according 
to the previous treatment is known as hysteresis. 

The curve ABCDEFA is known as the hysteresis loop. 
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By approaching a given value of H in a suitable manner the 
flux-density can be given any value within certain limits. E.g. in 
Fig. 4.10, for the value of H represented by OQ, B can have any 
value between QR and QG. The permeability will consequently 
have a similar range, but the value usually stated is that corre¬ 
sponding to B = QS, viz. the value obtained by starting with an 
unmagnetised specimen and bringing up the value of H gradually. 
If a higher value of H is available the range of B can be extended, 
since the new hysteresis loop will enclose the original one. 

A large amount of residual magnetism does not necessarily mean 
a large coercive force, and the latter is of equal importance 
for permanent magnets. For these iron is useless, in spite of its 
considerable residual magnetism, for the coercive force is very 

low, i.e. the magnetism is easily 
destroyed. Hard steel is always 
employed owing to its high 
coercive force: small quantities 
of tungsten (about 5 %) improve 
its quality in this respect. Still 
higher values are obtained by 
adding to steel a large amount of 
cobalt (20% to 60%), together 
with a little tungsten or chromium, 
or both. This is, however, much 
more costly than tungsten steel. 

21. Loss of Energy Due to 
Hysteresis 

In order to magnetise a piece 
of iron energy must be supplied to it, and in losing its magnetism 
it gives out energy. Owing to hysteresis there is, on the whole, a 
loss of energy in passing through a cycle of magnetisation. For it 
can be proved that in passing from the magnetisation represented 
by the point P on the B-H curve to that represented by Q (see 
Fig. 4.11) the energy absorbed by the specimen 



Fig. 4. II. —^Loss OF Energy 
THROUGH Hysteresis. 


= X area of PQML^ ergs per c.cm.; 
similarly in passing from R to S the energy given out 
~ (~ ^ SRML^ ergs per c.cm. 
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Thus in passing round the hysteresis loop the net energy absorbed 
= X area ABCDEF^ ergs per c.cm. 

The energy is supplied by the magnetising current which has to 
overcome the back E.M.F. generated whenever B is increased, and 
similarly energy is restored by the generation of a forward E.M.F. 
whenever B is diminished. 

It is by a consideration of the energy thus absorbed or produced 
in the magnetising coil that the above relations are obtained. 

Thus in going from P to Q the average current is 

10 (mean value of LP and MQ) 

— X ^- tt - — amperes. 

47 r no. of turns per cm. 

Since H = ^ X ampere-turns per cm., 

T'A/r-c' j j lines cut per second 
and the E.M.F. produced —-—-—- volts. 

If a cubic centimetre is considered— 

_ _ change of B x turns per cm. ,, LM x turns cm.. 

10® X time of change lo® x i 

. , 10 (mean of LP and MQ) x LM 

••• ^ -i?—^—- 

= ^ X o^fjPQML ~ ^ ^ PQML) ergs. 

The scales used for B and H must be taken into account: thus 
if the scales are i cm. = 2,000 lines per sq. cm., and i cm. = 5 C.G.S. 
units of magnetic force, and the area of the loop is 19*4 sq. cm., then 
the energy absorbed per complete cycle 

= i X 19*4 X 2000 X 5 ergs per c.cm. = 1-53 X lo^ergs/c.cm. 
4^ 

= I 5'3 X 10,000 10'^ joules (or watt-seconds) per c.cm. 

= *0153 joule per c.cm. 

It is worth noting that if H is plotted in ampere-turns per centi¬ 
metre instead of in C.G.S. units the energy lost per cycle is 

X area ABCDEF^ ergs per c.cm. 
or ^^3 X area ABCDEF j joules per c.cm. 


E E , VOL. I. 


6 
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The true test of the value of a material for permanent magnets 
is the maximum value of the product of flux-density and negative 
magnetic force during removal of the residual magnetism, i.e. 
along BC in Fig. 4.10. On this basis 35 % cobalt steel is about 
80 % better than tungsten-steel.* A fairly accurate comparison 
can be obtained by multiplying coercive force by remanence for 
different materials. 


22. Steinmetz Law 

If the range of the cycle of magnetisation is increased the 

hysteresis loop, and there¬ 
fore the loss per cycle, 
becomes larger (see Fig. 
4.12). Steinmetz has 
shown experimentally that 
the energy lost varies as 
fii-e for the values usual in 
engineering, where B = 
maximum flux-density in 
each direction. This law 
does not hold for high 
values of B, the inaccuracy 
beginning to be important 
at about 10,000 lines per 
sq. cm.f 

Thus approximately— 
Energy lost per cycle = 
ergs per c.cm., 



Fig, 4.12 .—Variation of Hysteresis Loss 
WITH Flux-density. 


where is a hysiereiic 
coefficient, depending on 
the material but constant 
for any particular material. 

Another way of stating this quality of the material is in watts 
per lb., at 50 (or 100) cycles per second, and at some definite 
flux-density (see Example below). 

For good quality sheet iron h has values between -ooio and 
•0015; for poor quahties up to *0025; for annealed steel -008; and 
for hardened steel '025. 


* See Everslied, vol. 58, pp. 797 seq. 

t The index value of i-6 is only an average, at very low flux-densities it 
is more nearly 2. 
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Example 4. The hysteresis loss for a 'particular quality of iron is 1 watt per 
lb, at 50 cycles per second, and 50,000 lines per sq. in. 

{a) Calculate the loss for 30 lb. of iron at 42 cycles per second, and 90,000 
lines per sq. in., assuming Steinmetz's Law to hold. 

{b) If the specific gravity of the iron is 7-8, calculate the hysteretic constant. 


(a) Loss = 30 X I X — X * watts 

■ 50 \50000j 

= 30 X 0*84 X watts log I‘8 = 0-2553 

= 25-2 X 2-56 watts 0-6 X -2553 = •1532 

= 64-4 watts. 1-6 log i-S 0-4085 

= log (2-56). 


(6) 50,000 lines per sq. in. = lines/sq. cm. = 7750 lines/sq. cm. 

I lb. of iron = c.cm. = 58-2 c.cm. i watt = 10’ ergs per sec. 

Loss per cycle per c.cm. = - ^ = 3440ergs at 7750lines/sq. cm.; 

50 X 5 ^*^ 

3440 = A(7750)i*«; 

• A = 3440 _ log 3440 = : 3-5366 

(775o)i-« log 7750 = 3-8893 

0-6 log 7750 = 2-3386 


1-6 log 7750 =6-2229 


TESTING SECTION 

23. The Ballistic Galvanometer 

The usual method of measuring permeability is by the use of a 
ballistic galvanometer. This may be of either the moving coil or 
moving magnet type. It measures the quantity of electricity 
discharged through it, and should possess 

[а) a long period or time of swing, 

(б) little damping,” i.e. when set swinging each successive 

swing or throw ” should be only slightly less than the 
previous one. 

A long period is obtained by the use of moving parts of compara¬ 
tively high moment of inertia, and a long fine suspension. 

It is necessary in order that the discharge may be completed 
before the moving parts have moved far from their zero position. 

Under the above conditions the quantity (Q) discharged through 
the galvanometer is given by 



84 


Electromagnetism 


where throw ” of galvanometer (first swing), 
a = current to produce unit steady deflexion, 
t = time in seconds of an oscillation, 

-f = correcting factor for damping, 

A = “ logarithmic decrement,” i.e. the difference between 
the Napierian (or hyperbolic) logarithms of successive 
swings. (See further Art. 26.) 


[N.B.—Instead of fi + the factor a/- = etc., or 

V 2/ 
if.J 

V A may be used, where d^, etc., are successive swings in 
alternate directions.] 


The above may be written Q —k.d, where k is constant, provided 
the damping is constant. Thus the galvanometer is a quantity (or 
coulomb) meter, and is so used for measuring the discharge from 
condensers. 


24. Flux-Measurement by Ballistic Galvanometer 

If a coil, connected to a ballistic galvanometer, has a change 
produced in the number of magnetic lines linked with the coil, e.g. 
by placing a magnet in it, a momentary E.M.F. will be produced 
(see Chapter VIII.) causing a discharge through the galvanometer. 

The mean value of the E.M.F. = volts (see Chapter IT), 

where 0 = change of flux, 

T = number of turns in coil, 
t ~ time (in seconds) to cause the change of flux. 

If R = resistance (ohms) of coil and galvanometer circuit, the 

mean current in galvanometer = — = ~ — amperes • 

R R i X 10^ ^ 

the quantity sent through the galvanometer 

. X- 0T 

= current x time = - x t = =5-. coulombs. 

R/ X 108 R X 108 

But the throw of the galvanometer measures the quantity (see 
preceding Art.), hence 0 can be determined if T and R are known; 
ie, any change of flux can be measured. 
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25. Calibration of Galvanometer 

When numerical, and not merely comparative, values of quantity 
or flux are required the galvanometer must be calibrated. This 
may be done— 

[a) By charging a standard condenser to a known E.M.F. {e.g. 
that of a standard cell), and discharging it through the galvanometer 
(see Art. 27). 

(d) By producing a known change of flux in a coil having a 
known number of turns. 

Corrections must be applied for damping, unless this remains 
constant during both cahbration and the subsequent use of the 
galvanometer. This is the case only if the resistance of the 
galvanometer circuit is kept constant, which is impossible with 
method (a), since the resistance of a condenser is enormous; with 
method (d) this condition can be satisfied. 

Method ( 5 ) may be subdivided into: (i) the “ earth inductor ” 
method, (2) the standard solenoid method. 

The earth inductor consists of a large coil with many turns, 
which is rotated so as to cut the whole, or the vertical or horizontal 
component of the earth's field. Its use requires an accurate deter¬ 
mination of the earth’s field at the place of use. 

The standard solenoid consists of a long solenoid uniformly 
wound on a non-magnetic core, with a secondary coil of many turns 
placed at its centre and connected to the galvanometer. This 
secondary is either wound closely over the solenoid, or placed 
inside it (see Fig. 4.17, p. 91). 

The following is an example of such a solenoid:— 

Length = 100 cm. Mean diam. = 7-33 cm. 

No. of turns = 2720; turns per cm. = 27*2. 

Secondary coil:— 

No. of turns = 128 (single layer). 

Mean diam. = 5*40 cm.; mean area = 22*9 sq. cm. 
With this coil, H = (4^10) X ampere-turns per cm. 

= (477/10) X 27*2 X I, 
where I = current in coil in amperes. 

This must be corrected for the solenoid not being of infinite 
length. This reduces the magnetic force in the ratio 
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i,e. in the ratio of axial length of solenoid to the length of its 
diagonal. With the above proportion of length to diameter this 
correction amounts to 0*27 per cent.; 

/. H = — X 27*2 I X (i — *0027) = 34-1 1 = B (since = i); 

no. of lines through secondary = 34*1 1 X 22*9 = 781 1 ; 
no. of “ cuts ” in secondary per ampere change in primary 
= 781 X 128 = i-ooo X 10^ 

Thus if the reversal of 3 amp. in the primary causes a throw of 
121 divisions of the galvanometer scale, the “ constant ” k'm the 

equation 0 T = X d's - -= 4*96 x lo^ for the particular 

resistance of galvanometer circuit used in the calibration. 

26. Use of Series Resistance for Magnetic Testing 

It follows from the formulae of Art. 24 that an increase of 
resistance in series with the galvanometer diminishes the quantity 

sent through it, since Q oc where R = total resistance of galvano- 

meter circuit. It must not, however, be assumed that the throw 
varies inversely as the resistance, for the damping is diminished 
(especially with a moving coil galvanometer) by an increase of 
resistance. If the damping is determined for each case and the 
correction applied (see Art. 23), then the relation (corrected throw) 
oc 1/ R may be used. On the other hand the use of a shunt of the 
ordinary pattern will cause little change in the quantity passing 
through the galvanometer: e.g. if a ^ shunt is used only xV of the 
whole quantity Q passes through the galvanometer; but Q will be 
nearly 10 times as great as before, since the resistance of the shunted 
galvanometer is xu of that of the galvanometer alone. 

Example 5. If galvanometer resistance =450 ohms, 
resistance of rest of circuit = 10 
„ „ shunt = 50 

Then resistance of shunted galvanometer =45 „ 

.'. the quantity sent round the circuit is increased by the use of the 

shunt in the ratio "b 8.35 . 

45 + 10 

the quantity sent through the galvanometer of 8*36 = 0-836 of 
the quantity with no shunt. 
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A further disadvantage of a shunt is that the damping will be 
very largely increased by its use, necessitating a separate calibration 
of the shunted galvanometer. 

A shunt of the “ Universalpattern would be better, but still 
unsatisfactory, since a varying portion of it will be shunted by the 
secondary coil, and so the damping will vary considerably. 

27. Calibration by Condenser 

An alternative method of calibrating a ballistic galvanometer is 
by the u'se of a standard condenser and a standard cell. 

These are connected as shown in Fig. 4.13. The well-insulated 
charge-and-discharge key enables the condenser to be both charged 
from the cell and discharged through the galvanometer. This is 
done, and the first throw [d^ noted. The quantity (Q) discharged 
is known from the E.M.F. (E) of the cell and the capacitance (C) of 
the condenser, since Q = CE. E.g. if 
a Weston cell of i*oi8 volts E.M.F. 
and a condenser of \ microfarad 
capacitance are used, the quantity 
discharged is | x i'Oi8 = 0*509 micro¬ 
coulomb. 

For a complete test this should be 
repeated with other capacitances or 
other voltages so as to test the galvano¬ 
meter at all parts of its scale. The -p-ig. 4.13.— Calibration by 
relation of quantity to throw is usually Condenser. 

a straight-line one, but not always. 

Since the galvanometer when used for magnetic testing forms 
part of a closed circuit, whereas in the above test it is on open 
circuit, the damping will be different in the two cases and must be 
determined for each. 

This is done by a test similar to the above, except that the cell 
E.M.F. and condenser capacitance need not be known. They are 
chosen so as to give a large first throw, and successive swings 
{d^, d^, d^, etc.) are observed as they gradually decrease owing to 
damping. 

The logarithms of the successive throws are then plotted as 
shown in Fig. 4.14. The points should lie on a straight fine, i.e. 

log — log 4 = log d^ — log ds = etc. = A. 

If hyperbolic logarithms are used this constant difierence between 
the logarithms of successive swings is the logarithmic decrement'' 


CHARGE and! 
DISCHARGE > 
KEY 
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(A) (see Art. 23). If ordinary logarithms are employed the constant 
difference must be multiplied by 2-303 to obtain the true logarithmic 
decrement. 

. The experiment is repeated with the galvanometer circuit 
permanently completed through the resistance with which it is 
to be afterwards used, and-the increased logarithmic decrement 
(A') obtained. 

Then, since Q = + where c is a constant (see Art. 23), 

, ' the value of c can be 



determined from the first 
two experiments, since Q, 
and A are all known. 
Under the changed 
conditions 


= c.i,(i + -j. 


.301 

s 

X 

< 

<D 

O 


Z 4-0l 

Therefore the quan¬ 
tity corresponding to any 
observed throw can be 
determined, since c and 
A' are known. 

This method is much 
less suitable for magnetic 
testing than that of Art. 
25, which should always 
be used if the necessary 
apparatus is available. 
This is partly because 
the condenser method 
takes longer, and partly 
because the formula for the effect of damping is only approxi¬ 
mate, and the inaccuracy becomes appreciable when there is 
considerable damping. E.g. the error is about ^ per cent, when 
A is 0-2 and about 2 per cent, when A is -4 (corresponding to 
second throw .9 ,2 .-in 

first throw ii 3 


Fig. 4.I4.’ 


NUMBER OF SWING 
-Determination of Logarithmic 
Decrement. 


28. Form of Specimen 

This is usually either a long round rod or a circular ring. The 
latter has the advantage of absence of any demagnetising effect, 
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but the disadvantage that each specimen has to be separately 
wound with its magnetising and search coils. If used it should be 
of a section similar to that shown in Fig. 4.15, i,e. with its (radial) 
breadth small compared with its diameter. The actual ratio of 


breadth to diameter is preferably only half that shown in the 
figure. This is to minimize the crowding of the lines towards the 
inner face of the ring, and the consequent error in assuming the flux- 
density to be uniform. It should not be forged, as the welded joint 
wiU introduce ■ an error of unknown amount. It may be turned out 
of plate, or built up of a number of thin annealed stampings. 

A rod can be placed in an 


already wound coil, the same coil 
being used for any number of 


successive specimens. The ratio 


length of rod 
diameter of rod 


should be kept 


B 



Elevation (part sectional). 


large, so that the self-demagnet- 
ising effect (Art. 9) is small: an 
error in estimating this ef ect will 
then cause no serious inaccuracy 
in the calculated value of H. 

29. The Bar and Yoke Method 
This method combines some 
of the advantages of both ring 
and rod. The specimen is a rod, 
so that ready wound coils may be 
used. It has its magnetic circuit 
completed by a massive yoke of 
iron, so that the demagnetising 



Plan. 

Fig. 4.15. —Ring for M.\gnetic 
Testing. 

A A, Ends of magnetising coil. 

B B, Ends of testing coil. 


effectiseliminatedalmostentirely. 

Various forms of yoke may be used, three of which are shown 
in Fig. 4.16. (A) is the double yoke used by Hopkinson, the 
originator of the method. In this the specimen must be a good fit 
in the holes in the yoke through which it passes. (B) shows Ewing’s 
method with two test-bars magnetised in opposite directions, each 
by its own coil. At each end they make butt joints with massive 
iron yokes. The ends of the specimens require accurate preparation 
and their lengths must be exactly equal, and there are 4 joints in 
the magnetic circuit. (C) shows a simple U-shaped yoke, with the 
test-bar clamped to it at each end by two nuts. The coil is shown 
on the yoke. This is slightly more convenient than to have it 
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surrounding the bar, but the latter method is more accurate as it 
avoids errors due to magnetic leakage. 

Whatever form of yoke is employed an allowance must be made 
for the ampere-turns required to send the flux through the yoke. 

The joints introduce an 
inaccuracy which may be 
important when absolute, 
and not merely compara¬ 
tive, results are required. 
A 

30. Ballistic Test for Per¬ 
meability 

The coil for magnetis- 
YOKE^S ing the specimen is con¬ 

nected to a suitable 
battery, through a revers¬ 
ing key, an ammeter, and 
a variable rheostat. The 
magnetising force applied 
can then be adjusted to the 
various values required, 
and completely reversed at 
will. Fig. 4.17 represents 
the connexions for a test 
on a long rod, and for 
the calibration of the gal¬ 
vanometer by a standard 
solenoid (Art. 25). The 
two-way switch is moved 
to the right for the calibra¬ 
tion. On changing it over 
the current can be sent 
through the coil which sur¬ 
rounds the specimen, thus 
magnetising it. The cur¬ 
rent, and so the magnet- 
Fig. 4.16.— Bar and Yoke Method. ism, can be reversed by 

the reversing key. 

Thus the whole flux cuts the search coil (wound over the 
specimen) twice, and causes a throw of the galvanometer, whence 
the flux can be determined. If the resistance of the galvanometer 
circuit is kept unaltered during both calibration and test, the 










Ballistic Test for Permeability qi 

damping correction will be constant and so need not be taken 
into account. 

Example 6. Rod (cast-iron) 6i*o cm. long; 0-631 cm. diam.; 

area = 0-312 sq. cm. 

Magnetising coil 100 cm. long, 3800 turns. 

Magnetising current 0-31 amp. 

Search coil 50 turns. 

Galvanometer throw on reversing current 27-2. 

Galvanometer constant (Art. 25) 4-96 x 10®; 



Fig. 4.17.— Magnetic Testing by Ballistic Galvanometer. 

E, Fine wire coil at centre of coil AB for calibrating galvanometer. F, Fine wire coil 
wound on the iron test bar. K, Galvanometer circuit key. E K, Reversing key. 
E, Galvanometer series resistance. S, Galvanometer short-circuiting key. T, Two- 
way switch. V, Variable resistance. 

No. of " cuts ” of lines of force = 27-2 x 4-96 X lo^ 

= 1-35 X 10^; 

I.or X JO® 

flux in rod = —— = i'35 X 10® lilies; 
flux-density (B) " = 433 ® lilies per sq. cm. 
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* . j- ‘ r 47 ^ X 3800 

Apparent magnetising force ^ — X — , 

= 14-8. 

96-7; ^ = -00038 (from Table E); 

Diam. of rod ' 47r ' 

N 

demagnetising force = -—B = -00038 X 4330 = 1-65. 

4 - 7 r 

(see below for a graphical method of making the corrections for the demag¬ 
netising force). 

true value of H = 14-8 — 1-65 = 13*15 (C.G.S.); 

= 329. 

) 

Typical results of tests 
by the above and other 
methods are given in 
Table D, and plotted in 
Fig. 4-09. Scales of TT 
per inch and TT per cm. 
are given as well as of 
H in C.G.S. units. The 
former are more con¬ 
venient for magnetic cal¬ 
culations, vide Examples 
2 and 3, pp. 75 and 77. 

When a series of 
readings have been 
taken in a test as in 
the above example, the 
corrections for the 
effects of the demag¬ 
netising force may be 
done graphically, as 
indicated in Fig. 4.18 
and explained below:— 

First the values of B are plotted against the corresponding values of the 
apparent magnetising force, as shown by the “uncorrected curve,” OP'P. 
Then for one value of B (ON in Fig. 4.18), the demagnetising force is 
calculated as in the above example. PQ is made equal to this value of the 
demagnetising force, so that Q is a point on the “corrected curve” ; i.e., it 
gives the true value (NQ) of H corresponding with this particular value of B. 

To obtain other points on the "corrected curve” NR is made equal to 
QP. A straight line, OR'R, is drawn from the origin to R, and produced if 
required. Then for any value of B, such as ON' in Fig. 4.1S, N'R'Q'P' is 
drawn to the “uncorrected curve" and parallel to the H axis, cutting OR 
in R'. A length P'Q' is marked off equal to R'N'. Then Q' is another point 
on the “ corrected curve.” 

This construction may be repeated for as many points on the “ uncorrected 
curve ” as desired, and the “ corrected curve ” drawn through the new points. 


B 

permeability (ju.) = ^ = 

DEMAGNETISING EFFECT 



^ H 

Fig. 4.18,—Graphical Correction for 
Self-demagnetisation. 
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TABLE D. 


Magnetic Force 

Cast-Iron 

Cast-Steel. 

Armature Stamp¬ 
ings, Wrought 
Iron or Steel 
Forgings 

H 

C.G.S. 

7^ 

PER Cm. 

TT 

PER In. 

B 

B' 


B 

B' 

P- 

B 


P 

2-5 

2*0 

5-0 

1-2 

7.7 

480 

2-5 

16 

1000 

5*5 

35*4 

2200 

5 

4-0 

lO-I 

2*0 

12*9 

400 

6‘0 

39 

1200 

lO'I 

65-0 

2020 

7-5 

6‘0 

i 5 'i 

27 

17-4 

360 

8-5 

55 

1130 

12-5 

CO 

0 

1670 

10 

8-0 

20-2 

3*3 

21*3 

330 

II -2 

72 

1120 

I 3 -I 

84'5 

1310 

’5 

n -9 

30*3 

4-2 

27*1 

280 

13*2 

85 

880 

14*6 

94-0 

970 

20 

15*9 

40-4 

4-85 

31-3 

243 

14*1 

91 

705 

15*3 

98*5 

765 

25 

19-9 

5°-5 

5’35 

34-5 

214 

147 

95 

588 

I 5 -S 

102 

632 

30 

23*9 1 

60'6 1 

5-8 

37*4 

193 

15*1 

97 

503 

i6-i 

104 

537 

40 

31-8 

So-8 

6*4 

| 4 i *2 

160 

15*7 

lOI 

393 

16-45 ; 

106 

411 

50 

39-8 

lOI 

6*9 

44*5 

138 

i6-2 

104-5 

324 

i6-75 

108 

335 

60 

ATI 

121 

7-3 

47 

122 

i6-6 

107 

277 

17-0 

109-5 

2S3 

80 

63'6 

162 

8-0 

51*5 

100 

17*1 

no ! 

I 

214 

17-4 

112 

21S 

100 1 
_1 

79*6 

1 

202 I 

“i 

55*5 1 

86 

17*5 

113 ■ 

_ 1 

175 

17-7 

114 

177 


[Note Fig. 4.09, p. 76, is plotted from the above figures.] 

B = fiux-density in kilolines (thousands of lines) per sq. cm. 

B' = „ „ „ „ „ sq. in. 

N.B.—TT per cm. = o-8 H approx. (| per cent, inaccuracy). 

TT per inch = 2*0 H „ (i „ „ „ ). 

Or in words: magnetic force (C.G.S. units) = ampere-turns per half-inch. 











TABLE E.—DEMAGNETISING FACTORS. 

(Partly from The Magnetic Circuit, by H. du Bois.) 




Cylinder 


Ellipsoid of Eevolution 

Length 



Tj 



N 

Diam. ” 

/®N 

N 

477 

N 

/ 2 M 

477 

10 

19-8 

0-198* 

•0158 

0-2549 

25*5 

•0203 

15 

24-3 

o*io8* 

-0086 

0-1356 

30-5 

•0108 

20 

27-6 

0-069* 

•0055 

0-0848 

34*0 

•00675 

25 

30-6 

0-049* 

■0039 

0-0579 

36-2 

•00461 

30 

32-4 

0-036* 

-00286 

0-0432 

38-8 

•00344 

40 

357 

0-0223* 

•00177 

0-0266 

42-5 

•00212 

50 

40-5 

0-0162 

•00129 

0-0182 

45*4 

•00145 

60 

42-4 

o-oii8 

•00094 ! 

0-0132 

47-5 

•00105 

70 

437 

0-0089 

•00071 

O-OIOI 

49*5 

•00080 

80 

44*4 

o-oo6g 

•00055 

o-oo8o 

51*2 

•00064 

90 

i 44*8 

j 

0-0055 

♦00044 

0-0065 

52-5 

•00052 

100 

j 45*0 

0-0045 

•00036 

0-0054 

54-0 

•00043 

150 

j 

0-0020 

•00016 

0-0026 

58*3 ' 

•00021 

200 


O-OOII 

•000090 

0-0016 

62-0 

•000125 

300 

'• 

0-00050 

•000040 

0-00075 

67-5 

j -000060 

400 


0-00028 

•000022 

0-00045 

j 72-0 

i -000037 

500 

- 

0-00018 

•000014 

0-00030 

' 75-0 

i -000024 

1000 


0-00005 

•000004 

0-00008 

1 80-0 

j -000006' 


Demagnetising force = — B. 

477 

For a long ellipsoid — = L (log^ of — 1). 

j 

Note that the value of becomes constant for values of/above 100, 
i.e. the demagnetising factor is then inversely proportional to / 

N N 

N.B.—^The columns — and — have been added to those given by Du Bois, 

and a few errors in the others have been corrected. The figures marked * 
are due to S. P. Thompson and E. W. Moss {Proc. Phys. Soc., Vol. XXI., 
p. 630). 


94 






Hysteresis Tests 


95 


31. Hysteresis Test 

For the purpose of obtaining the shape of the hysteresis loop 
(Art. 20) the ballistic test is modified. In place of the key which 
simply reverses the magnetising current a key (K) with 6 terminals 
is employed, together with a second adjustable resistance, Rg, and 
a short-circuiting switch, S. These are connected as shown in 
Fig. 4.19, the remaining connexions being as in the previous test 
(Fig. 4.17). _ 

When S is closed, K acts simply as a reversing key, as can be 
seen by tracing the path of the current, first with the switch in its 
right-hand position as shown by the full lines, secondly with it in 
its left-hand position as shown by the dotted lines. 

With S open, the change of K from left to right reverses the 
current, and at the same time diminishes its value as it must now 
pass through Rg as well as through R^. 



Fig. 4.19.— Connexions eor obtaining Hysteresis Loop.* 

The procedure is as follows:— 

(Remember that H depends on the magnetising current, so that 
an adjustment of H means a corresponding adjustment of the 
current.) 

Close S and adjust H to the full value required, i.e. OL in Fig. 
4.20. 

Reverse H several times so as to eliminate irregularities due to 
previous magnetisations. This should be done before every reading. 
Close galvanometer circuit. Quickly increase Rj so as to reduce H 
to a smaller value, such as OQ in Fig. 4.20. Note the resulting 
“ throw,’' whence the change of flux-density (NG) can be calculated. 
Thus the position of G is determined. 

* By connecting the ammeter to the left-hand bottom comer of K, instead 
of as shown, the resistances in its two positions (with S closed) are made 
more nearly equal. 
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By. restoring 
to its previous 
value, and repeat^ 
ing the above pro¬ 
cess with different 
changes of H, any 
number of points 
on the portion AB 
of the hysteresis 
loop may be deter¬ 
mined. 

To obtain points 
on BCD the start 
is as before: but 
instead of increas¬ 
ing Rj, S is opened 
and K changed 
over. Thus H is 
Fig. 4.20 .—Determination of Hysteresis Loop, reversed and di¬ 
minished, e.g. 

changed from OL to OT; while the galvanometer '‘throw" 
determines PK, the change of flux-density. Thus the position of 
K is fixed. By repeating this second process with various values 
of Rg any number of points on BCD may be determined. 

The return half of the loop, DEFA, can then be obtained 
by reversing ABCD, which has been determined (see Art. 20); 
or it may be found by a similar experiment with the original 
current reversed. 

32. Alternative Methods of 
Hysteresis Testing 
Instead of restoring H 
to its original value after 
obtaining the point G on 
the loop, it may be further 
reduced, e.g. to OV (Fig. 

4.21). The throw of the 
galvanometer mil then give 
WJ, and thus settle the 
position of J. Continuing 

in this way the curve AB 4 21.—Step-by-step Method for 

is determined. Hysteresis Loop. 
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H is then reversed, and increased in the reverse direction by 
small amounts, thus obtaining BCD. 

This is known as the step-by-step method. Its main disadvantage 
is that an error in determining any step affects the position of all 
the points subsequently determined; further, the errors may 
accumulate and cause some of the points to be displaced from 
their correct position considerably. 

If it is desired to repeat any particular step [e.g. QV), H must 
first be restored to its maximum value (OL), then reduced to its 
value (OQ) before this step. If it were merely restored to the value 
before the step, B would not rise to the value which it had before 
(QG) but to some lower value (such as QP). On reducing H (to 
OV) the throw would not depend on the same reduction of B as in 
the first instance (viz. WJ), but would be smaller (viz. proportional 
to the difference between QP and VJ). By previously raising H to 
its full value (and preferably reversing it several times as well) 
this is avoided, and each step may be repeated accurately. 

33. Ewing’s Hysteresis Tester 

A number of instruments have been devised for commercial 
tests when only the energy lost by hysteresis (Art. 21) is required. 
A typical one is Ewing's Hysteresis Tester, which is shown in 
Fig. 4.22. 

The specimen consists of a bundle of strips about 3 in. long and 
I in. wide, a sufficient number being taken to give a total thickness 
of about \ in. This bundle is held in the clamps, A (Fig. 4.22), and 
rotated between the poles of a C-shaped permanent magnet, B, by 
means of the rubber-covered wheel, C, and the hand-wheel, D. 
The magnet is supported on a knife-edge, E, and carries a pointer 
by means of which the amount of its movement can be read on the 
scale, F. A vane attached to the magnet moves in an oil bath, G, 
so as to steady the deflection. H is an arrangement for lifting the 
magnet off its knife-edge and clamping it when not in use. 

Principle of the Instrument. —^When the specimen is rotated 
it is magnetised in alternate directions, and thus hysteresis loss 
occurs. This causes a drag tending to stop the rotation of the 
specimen, and an equal but opposite drag tending to pull the magnet 
round in the direction of rotation. Now the loss of energy per 
cycle due to hysteresis is constant for a fixed maximum flux-density; 
therefore the power lost by hysteresis is equal to n x loss per 
cycle X constant, where n is the number of cycles per second. 

E. E., VOL. I. 7 
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The power required to rotate the specimen is proportional to the 
driving torque x revolutions per second; and consequently the 
extra power required owing to hysteresis is proportional to the 
torque due to hysteresis X w. Equating these two expressions for 
the power lost by hysteresis the result obtained is— 

Hysteresis torque cc loss per cycle, 
and this torque is independent of the speed. 


F 



Fig. 4.22 .—Ewing’s Hysteresis Tester. 


The deflexion of the magnet depends on the torque exerted on 
it, and the average torque on the magnet is merely that due to 
hysteresis. Hence the deflexion of the magnet is a measure of the 
hysteresis loss per cycle. It is, however, not directly proportional 
to the loss, but the relation is a straight line one. 

Method of Use.— To interpret the results a number of standard 
specimens with known hysteretic constants are supplied. Three of 
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these are tested in the instrument, and the observed deflexions are 
plotted against their hysteretic constants. The points thus obtained 
are joined by a straight line (see Fig. 4.23) which is then used to 
determine the hysteretic constants of the specimens under test. 
Thus if ON (Fig. 4.23) is the deflexion with one of the test 
pieces, PN is the hysteretic constant for the iron of which it 
consists. This constant can be stated in whatever units are 
most convenient. 

The flux-density produced is about 4000 lines per sq. cm. A 
change in the strength of the magnet does not affect the accuracy 
of the results, since all the deflexions will be altered in the same 
ratio. Moreover the exact cross-section of the specimen is unim¬ 
portant, provided it is fairly near that of the standards, for any 
variation in this will be balanced almost exactly by the opposite 
change in the flux-density. 

To avoid errors due to 
changes in the standards 
with lapse of time these 
must be checked occasionally 
by comparison with specimens 
which have been tested bal- 
listically. This possible varia¬ 
tion is one of the reasons 
why three standards should 
be used in every test, instead 
of only two, which are suffi¬ 
cient if they are accurate. 

The third standard reading also serves as a check on the accuracy 
with which the readings are taken. 

34. The Fluxmeter 

The Fluxmeter, due to Grassot, is an instrument by w^hich the 
change of flux in a search coil can be measured as in the ballistic 
galvanometer. It has the advantages over the latter of giving a 
result which is independent of the rate of change of flux (cf. Art. 23), 
and of giving instead of a throw a deflexion which remains practi¬ 
cally constant for ten seconds or thereabouts. 

It consists of a moving-coil ballistic galvanometer in which the 
controlling force of the suspension has been reduced as much as 
possible. When a change of flux takes place in the search coil the 
galvanometer coil is brought to rest chiefly by electromagnetic 
damping, i.e. by the retarding force due to currents in the coil, 



Ewing’s Hysteresis Tester. 
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induced by the coil’s motion. The effects of this difference of 
construction are as stated above. In addition the deflection is 
independent of the resistance in the galvanometer circuit within 
wide limits, i.e. the resistance must not be increased so much that 
the electromagnetic damping is decreased till air-damping becomes 
appreciable in comparison with it. 

The general appearance of the instrument is shown in Fig. 4.24. 
The scale has 100 divisions on each side of a central zero, each 
corresponding to a change of 10^ linkages. By using search coils 



Fig. 4.24. —Grassot Fluxmeter. 


with various numbers of turns and suitable sizes a wide range of 
results can be obtained. 

For more accurate work a mirror is fitted and a lamp and scale 
used in the ordinary way. 

35. Bismuth Spiral 

The metal bismuth possesses the peculiar property of increasing 
in electrical resistance when placed in a magnetic field. This 
property is utilised for measuring the strength of such fields. 







Fluxmeter. Bismuth Spiral 


lOI 


The bismuth is used in the form of a flat wire spiral (see Fig. 
4.25) about 0-8 cm. diameter contained between two sheets of mica. 



Fig. 4.25 .-~Bismxjth Spirals for Magnetic Tests. 


The ends of the spiral are connected by stiff varnished copper strips 
to terminals in an ebonite handle. The resistance (Rq) is measured 
by the P.O. box or other suitable method when the spiral is in zero 



1 2 3 5 € 7 8 9 10 11 12 13 15 16 


XIOOO 

Fig. 4.26 .—Calibration Curve of Bismuth Spiral. 
resisliancs of spiral in zero field; Wp = resistance of spiral in field of strengtli F. 
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Fig. 4.27, —Arrangements of Wires in Magnet Winding. 


_p 

resistance ^ ^ is calculated, and the flux-density obtained 

-'0 

thence. Since the relation between flux-density and fractional 
increase of resistance is not a simple one and varies somewhat with 
the particular piece of bismuth used, a curve is used to obtain the 
flux-density. This is supplied by the makers, an example being 
shovTi in Fig. 4.26. 


MAGNET-COIL WINDING SECTION 


36. Arrangement of Layers : Bedding 

The space occupied by a coil of a given number of turns of any 
size of round wire will depend on the way in which the successive 
layers lie above each other, whether with the wires directly above 
each other, or with those of the second layer in the hollows of the 
first. See {a) and (6) in Fig. 4.27. 

With arrangement (6) the distance between successive layers is 


•866 




of that in [a) for the same size of wire, and the total 


space occupied is reduced in a rather less degree, or the number of 
turns which can be wound in a given space is increased nearly in the 
2 

ratio — i,e. by 15 per cent. Since, however, each turn of the 
V 3 


second layer must cross a turn of the first owing to their being 
wound in opposite directions along the length of the coil, it is safer 
(and usual) to assume, in making calculations, that arrangement 
[a) is the actual one. The actual diminution of space occupied due 
to " bedding ” is usually from nothing to 5 per cent, in practice, 
instead of the 13-4 per cent. (100 — 86-6) which might occur if all 
the wires could be arranged as in (&), 


37. Relations of Winding and Spool 

Fig. 4.28 represents the cross-section of a magnet spool or 
bobbin which is to be filled with round wire of diameter d, over its 
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insulation. The unit of length employed is immaterial pro\dded all 
the quantities are expressed in the same unit. 

The following relations follow from what has been stated above. 


No. of wires per layer = 


6 _ net length of spool 
d diameter of wire 


No. of layers 


_ h depth of winding 
d diameter of wire 


„ bh winding space 

/. No. of turns (or = ^ =- ry- - 1 —=— 

square of diam. of wire 


2 

1^1 +1^2 


Further— h = 

Mean diameter of coil (D) == 

Mean length of a turn {IJ =^'D = tt — • 
Total length of wire (L) —l^x "6 


-D2 hh 
2 ' 

4d^ 

It is usually preferable to determine and 15 separately and 
then multiply them, rather than use the above formula. (See 
Example 7.) 

Total cross-section of winding 
= area of wire X no. of turns 

# hh rr ^ 

— ^ r2 X = 0785 X 

4 ^ 

(winding space). 

This includes the insulation and 
shows that the waste spaces (if no 
bedding occurs) always amount 
to 21*5 per cent, of the total 
space, independently of what size 
of wire is used. 




Or 


-p.—- 




h 




Fig. 4.28.— Cross-section of 
Magnet Spool. 
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Similarly:—total volume of winding (including insulation) 

= area of wire X total length 

“ X X ^ ^ X X 

= - bhl^ == 0785 X winding space x mean length of a turn, 
4 

which again is independent of the diameter of the wire. 


Example 7. A magnet bobbin is f in. diam., 1 in. diam. over the flanges 
and 2 in. long between flanges. Find the length of wire, 18 mils diam. over the 
insulation to fully wind it. 

. . I in. — I in, , • , 

The winding space is- - m. deep; 

/. area of winding space = 2 in. x in. = | sq. in.; 
no. of turns = | -r (*018)® = 1157. 

I -4- ® 

Mean diameter = -^ = A| in. ; 

2 

.*. mean length of a turn = ||7r = 2*55 in.; 
total length of wire = 1157 x 2-55 in. = 2950 in. 

= 246 ft. 

= 82 yd. 


38. Weight and Resistance Relations 

It follows from the last relation of Art. 37 that if the ratio of 
insulation to metal is constant and the same materials are used 
(double-cotton-covered copper is usual), the weight of the winding 
depends only on the size of the spool and not on the diameter of 
wire used. The above assumption is approximately correct for 
large and medium sized wires, but ceases to be so for fine wires, 
for which the insulation occupies a larger proportion of the available 
space and so reduces the total weight. 

If ~ diameter of wire under the insulation, the resistance 
_ pL _ ^ ^ _ P^m X hh 

A ~ 0785 X X 

Hence, assuming as before that % is constant, it follows that the 
a 

resistance of the winding of a given spool varies inversely as the fourth 
power of the diameter of the wire; or varies directly as the square of 

the number of turns f since this varies as 
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When the above assumption cannot be made the relations 
become less simple, but can be worked out by the above principles. 

Example 8. The resistance of the wire on a bobbin fully wound with silk- 
covered wire 7 mils. diam. is found to he 120 ohms. What will he the resistance 
if the same bobbin be equally wound with 10 mils diam. wire? The thickness 
of covering to be taken as i mil in each case. [C. & G., II. 

Covered diam. = 7-i.2xi = 9 mils in first case 

and = 10 -{- 2 =12 ,, second case; 

no. of turns is reduced in the ratio 7^ = —» 

(12)2 16 

and the total length is reduced in the same ratio. 

But the resistance per unit length is reduced inversely as the square of the 

diameter of the uncovered wires, i.e. as = —) 

10^ 100 

new resistance — X — X 120 ohms 
16 100 

= 33-4 ohms. 

Note that in this case the resistance is not inversely proportional to 
(diam.)^ nor directly proportional to "qK 

39. Ampere-Turns and Voltage Relationship 

A problem which frequently occurs in connexion with dynamos 
is the production of a given number of ampere-turns when a given 
voltage is applied to the winding. If the inner and outer diameters 
of the spool are known the size of wire to use can he determined by 
the relation 

R = ?, and therefore = 7^ 

I 7S ITS 

volts 

or resistance per turn =-^- 

ampere-turns 

Since the mean length of a turn is known the size of wire can 
then be found. (See Examples 9 and ii.) 

The important point to notice is that the ampere-turns produced 
by a given voltage depend on the size of wire and not on the number 
of turns used, or, in other words, the ampere-turns are independent 
of the length of the winding, if mean length of turn is fixed. 

The number of turns can then be settled by taking a suitable 
current-density, say 800 amperes per sq. in., and thus obtaining the 
current which, divided into the ampere-turns, gives the turns. Or, 
alternatively, the length of the wining can be determined from the 
current-density independently of the size of wire, for 

pZ _ E . E _ volts _^ 

A ~ ”” I ’ ‘' ~p(I/A) ~~ p X current-density 
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Thus for any given current-density there must he a certain 
number of yards per volt, about 45 yards per volt for 800 amperes 
per sq. in. (See Examples 9 and 10.) 

When the length and cross-section of the wire are known the 
resistance can be calculated, either from a wire table or from the 
resistivity of copper. In carrying out such calculations the rise 
of temperature due to the passage of the current must be taken 
into account (cf. Example 10). The amount of this rise will 
depend mainly on the size and proportions of the coil, and on the 
current-density used. (See further Chapter XII.) 

The weight of the wire can be calculated similarly by the use of 
a wire table or from the Sp. Gr. of copper (8-89). 


Example 9. Work out a rule for finding the diameter of a wire to he wound on 
a given field magnet bobbin, of which the inner and outer diameters of the winding 
space and its available length are known, in order that when a given voltage is 
applied it will yield a prescribed number of ampere-turns of excitation. If a bobbin 
has a winding length of 8 in., and the inner and outer diameters of the available 
winding space are 9 in. and 15 in respectively, and if 50 volts is to produce 
10,000 ampere-turns of excitation, of what diameter must the copper wire be? 

\N.B.—Take the resistance of copper for this purpose as such that a bar i ft. 
long and i sq. in. in cross-section will have a resistance of 9 microhms.'^ 

[C. & G., 11 . 

For the answer to the first portion of the question see Arts. 37 and 39. 

The size of wire can be determined quite apart from the winding length. 

For resistance per turn = ——-== - - — - = 0-005 ohm, 

^ ampere-turns 10000 


and 


length of a turn = ?r X ^ ^ = 37*7 in. 


R = 


Pj. 

A' 


A = = 9 X 377 

R 12 X io« X ‘O05 


= *00566 sq. in.; 


A diameter = A = = -085 


The nearest standard sizes are 14 S.W.G. (-080 in. diam.) and 13 S.W.G. 
(•092 in. diam.), so the winding might be made up partly of each size, or 
entirely of the larger wire so as to be on the high side with the ampere-turns. 

No more is asked for, but the following further calculations are made to 
illustrate Art. 37. 

Taking 13 S.W.G. for the winding and adding 12 mils for double cotton 
covering, overall diameter = *104 in. 


Depth of winding = ~ = 3 in.; 

winding space = 3 X 8 = 24 sq. in. 

. 24 

no. of turns = 7 — = 2220; 

(-104)2 

total length of winding = 2220 x yd. 

= 2325 yd.; 
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weight of copper (see Table B) X 76-88 lb. 

1000 

= 179; 

Resistance of winding = : 9-44 ohms. 

•006648 sq. in. being the area of 13 S.W.G. (see Table B, p. 61); 
current in winding = =5-30 amperes; 


ampere-turns = 5-30 x 2220 = 11770. 

The excess over the 10,000 required is due to the use of 13 S.W.G. instead 
of '085 in. diam. wire. 


Current density = 


5-30 

•006648 


797 amperes per sq. in. 


Yards per volt = == 46*5. 


Example 10. Calculate the length of winding required fer volt for a current- 
density of 900 amperes per sq. in. if the working temperature of the wire is 
60° C. (= 140® JF.). 

Resistivity of copper at 15® C. = o*666 X io“® ohm-inch 

at 60® C. it = 0-666 X lo'® {i (60 — 15) x -00401) „ „ 

= 0-666 X io“® X i-i8o = 0-786 X 10-® „ „ 

(see Chapter III., Art. 3, and Table A, p. 60); 


. per volt = 


0-786 X 900 
10^ 

0-786 X 9 X 


in. (see Art., 

= 39*3 yd. 


Example ll. Calculate size and total length of wire to give 13,000 ampere- 
turns when supplied at 78 volts, with current-density and temperature as in 
Example 10, the mean length of turn being 66 in. 

From Example 10, total length = 39-3 X 78 = 3065 yd. 

78 

Resistance per turn = —-— o-oo6o ohm; 

^ 13000 

, o-oo6o X 1000 X 36 
/. resistance per 1000 yd. - ^ - 

3-27 ohms at 60° C.; 
resistance per 1000 3^d. at 15° C. 

12 S.W.G. is very near this (see Table B), but is about 2 per cent, too 
small in cross-section. 

Check Calculations. Resistance of 12 S.W.G. = 2-83 ohms per 1000 yd. 
at 60® F. = (2-83 X I-18 =) 3-34 ohms per 1000 yd. at 140® F.; 

3065 

total resistance = 3-34 X 


current 


10-24 


7-62 amperes; 
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-“rrent-density 


1 amperes per sq. in. 


ampere-turns = 7-62 x 1670 = 12,700, 
wliicli is slightly below value owing to the smallness of the wire used. 


40. Force Between Magnetised Surfaces 

This force is applied in practice in electromagnets for lifting iron 
and steel plates, etc., and in clutches for connecting and disconnect¬ 
ing shafting, etc. The stress (force per unit area) can be determined 
by the following considerations. Imagine the surfaces separated by 
a narrow air-gap in which the flux-density is B lines per square 
centimetre: by definition the force on unit magnetic pole in this gap 



each surface. 

If the pole be placed in one of the surfaces this will exert no 
normal force on the pole, e.g. if the surface have North polarity the 
unit N. pole would be repelled by it at a point either just above or 
just below the surface, hence at a point on the surface the force is 

g 

neither outwards nor inwards. Hence the force - dynes is entirely 

due to the other surface. But there are B lines proceeding from 
every square centimetre of the surface, and 477 lines come from 

B 

unit pole, so the pole strength per sq. cm. is . Therefore the 

477 

B B B^ 

stress is — X — ==7.- dvnes per sq. cm. Or the total force is 
2 477 877 " ^ 

B^A 

dynes (A being the area in sq. cm.) = B^A/2-47 x 10^ kg. 
877 

= 4-06 B^A X io~s kg. 

Alternatively, since B = H in air, it follows from the relation 
proved in Art. 21 that the energy contained in an air gap is B7877 
ergs per c.cm. For the curve FA in Fig. 4.11 becomes a straight 
line through the origin, say OA. And the area of the triangle OAN 
-iON.NA = iB.H 

energy absorbed in magnetising the gap is — x (area of 

477 

the triangle) = ergs per c.cm. 



Foece between Magnetised Surfaces 


109 


Hence if the gap length is increased by a small amount U 
without changing B the increase of energy is A.SZ.B^/S^r ergs. 
This must be equal to the work done in moving the surfaces apart, 
which is total force X U. Hence the total force is A. B-ZS- d}mes, 
as proved above. 

Modification for English Units.—I f Bj = flux-density in 
lines per sq. in. and A^ = area in sq. in. 


Force = 


S':! 


6-45 

( 6 - 45 )^ 


dynes 


Bj^Ai I 

_ ± _i __ ■ 

Stt 6*45 X 981 X 453-6 lb. 


7-21 X 10’ 108 ^ ^ 


The formula may also be written in the form ^—~ dynes, which 

shows that for a given total flux a smaller area gives a bigger pull; 
thus coned pole pieces are advantageous provided the coning does 
not diminish the flux seriously by the increase of reluctance thus 
caused. 

The maximum stress commercially possible is about 200 lb. per 
sq. in. 

The same formula applies when the surfaces are some distance 
apart, the main difficulty in applying it being doubtfulness as to the 
amount of leakage and fringing. 


41. Attraction of Coil on Iron Core 

This action is employed in measuring instruments, and in circuit 
breakers. Exact calculation is usually impossible, but certain 
general relations can be obtained and approximate values of the 
force calculated. 

When the centres of a symmetrical coil and bar coincide there is 
no force between them. This is evident from symmetry. 

With a bar more than twice as long as the coil the force will 
increase from a very small value when one end of the bar is just 
entering, to a maximum when it has got nearly through the coil, 
after which it will diminish again, reaching zero when the centre of 
the bar reaches the centre of the coil, as stated above. 

With a very short core the pull is a maximum when its centre 
is opposite the mouth of the coil. 



:o 


Electrom:agnetism 



[a,] General view. 


With intermediate lengths of core 
the position of maximum pull lies 
between these two, e.g. with a 
10 in. coil and a 12 in. core the 
maximum pull is when the core has 
more than 6 in. and less than 10 in. 
of its length within the coil. 

The maximum pull is approxi- 
I B^A 

mately dynes,* * B being 

4 OTT 

calculated for a magnetic circuit 
consisting of the iron and the air 
space inside the coil only. With 
short cores the demagnetising effect 
comes in as explained in Art. 9. 
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(6) Cross-section. 

Fig. 4.29.— Lifting Magnet. 

B, Terminal box. C C, Coil. G, Gland. P, Centre pole. Q Q, Outer pole. S S, Coil shield. 


* ” On the Predetermination of Plunger Electromagnets.” S. P. Thompson. 
The Electrician, Vol. 53, p. 917. 
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42. Lifting Magnets 

Lifting magnets are employed for lifting iron or steel plates, 
pig iron, scrap iron, etc. 

An example made by the Witton-Kramer Co. is shown in 
Fig. 4.29. 

This magnet is of the pot ” type, ie. with one pole in the 
centre and the other in the form of a ring concentric with the 
central pole. The shell is of cast magnet steel with strengthening 
ribs and suspension lugs in one piece. The coil of copper wire or 
strip is held in place and protected by a “ coil shield ” of non¬ 
magnetic manganese steel or phosphor bronze. The coil shield is 
held by the pole shoes, which are bolted to the main casting. The 
coil, and afterwards the whole magnet, is impregnated in vacuo with 
an asphalt compound. 

The terminal box of 
cast-iron is attached to 
the magnet shell and is 
filled with a waxen com¬ 
pound. The leads enter 
through glands so that 
the box is water-tight. 

The supply must be 
direct current of a p.d. 
not exceeding 500 volts. 

43. Magnetic Qutch 

Magnetic clutches are 

another application of 
electromagnetism. They 
are employed for connecting at will two lengths of shafting in 
line, or for other similar purposes. 

An example made by the Witton-Kramer Co. is shown in Fig. 4.30. 

The clutch consists of a thick disc of high permeability steel, 
keyed to the main shaft, carr3dng pole pieces to which the magnet 
coils are fitted. The ends of the coils are connected to slip-rings, to 
which current is conveyed by means of brushes. A sheet iron cover 
is provided to protect the coils from external injury. To the pulley or 
driven shaft a soft wrought-iron disc is fitted, and when the magnet 
coils are excited this disc is attracted to the pole shoes, and thus 
caused to rotate with the main portion of the clutch. The coils are 
wound for a standard voltage of 50 volts, a suitable series resistance 
and switch being supplied to reduce the supply voltage to this figure. 



Fig. 4.30. —Magnetic Clutch, with Cover 

REMOVED TO SHOW COILS. 
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QUESTIONS ON CHAPTER IV 

1. Sketch the form and distribution of the lines of magnetic force in the 
field surrounding a long straight conductor which carries a current. Give a 
second sketch showing similarly the lines of force in the field of two parallel 
straight conductors carrying currents flowing in the same direction. 

[C. & G., I. 

2. Define the terms " intensity of field," “ permeability,” and " ampere- 

turns.” Calculate the intensity of the field at the central point of a solenoid 
loo cm. long, of small diameter, wound with 6000 turns of wire, traversed 
by a current of 5 amperes. [C. & G., I. 

3. State the law of the magnetic circuit for the case in which the area 
and material are different in the various parts of the circuit. If the mag¬ 
netising current is doubled, to what extent is the total flux altered; similarly, 
how is the flux affected by halving the current ? 

4. A ring-shaped electromagnet has an air-gap 6 mm. long and 20 sq. 

cm. in area, the mean length of the core being 50 cm., and its cross-section 
10 sq. cm. Calculate, approximately, the ampere-turns required to produce 
a field of strength H = 5000 in the air-gap. (Assume permeability of iron 
as iSoo.) [C. & G., 11 . 

5. What is an electromagnet ? In what way does its magnetism depend 

on its core ? What are the reasons which determine, in any case, whether 
the coil should consist of few turns of thick wire or of many turns of thin 
wire ? [C. & G,, I. 

6. What rules can you give about winding electromagnets ? What are 

the circumstances that determine the selection of any particular size of wire 
for the coil ? [C. & G., I. 

7. The air-gap area of each pole of a smooth-core four-pole dynamo is 
300 sq. cm., and the distance from pole-face to core is 5 mm. How many 
ampere-turns must be used on each pair of poles for air-gap excitation alone 
if the magnetic density in the air-gap is 10,000 lines per square centimetre ? 

[C. & G., II. 

8. Calculate the ampere-tums required to produce the following flux- 

densities (B) in an iron ring of 60 cm. mean circumference and 2-4 sq. cm. 
cross-section. B = 5000; 10,000; 12,000; 14,000. Corresponding per¬ 

meabilities 2500; 2000; 1500; 1000. Plot total flux against ampere-turns 
and find the number of ampere-turns required for a total flux of 30,000 lines. 

9. If a saw-cut i mm, wide is made in the above ring, calculate the extra 
ampere-turns needed in each case (including that with 30,000 lines), and the 
total required. 

10. Calculate the ampere-turns needed to produce a flux of 40,000 lines 
in a ring 80 cm. mean circumference and 4-2 sq. cm. cross-section. Given 
that for the iron of which it consists, 

when B 5000; 10,000; 14,000 
2500; 2000; 1000, 

11. If a saw-cut i mm. wide is made in the above ring, how many extra 
turns are needed ? 

12. An iron ring consists of 60 cm. of 10 sq. cm. section, 35 cm. of 20 
sq, cm. section, and 25 cm. of 30 sq. cm. section. If it is wound with 10 
turns per cm., what current will produce a flux of 180,000 lines ? 

What current will produce half this flux, and what is the ratio of these 
currents ? 
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13. If a gap 6 mm. wide is made in the above ring in its thickest part, 
what current is now required for the full flux and the half flux, and what is 
the ratio of these currents ? 

14. What is the magnetisation curve of a material? Sketch approxi¬ 
mately to scale such curves for air, hard steel, wrought-iron, and cast-iron. 

[C. & G., II. 

15. A mild steel circular ring of mean diameter 14 cm. and rectangular 
section 5 mm. by 10 mm. has 704 turns wound uniformly on it. A secondary 
coil of 20 turns is connected to a ballistic galvanometer which gives a throw 
of I division for 2000 cuts. The following observations were obtained by 
reversing currents in the primary coil:— 

Current: 0*05; o-i; 0*2; 0-3; 0*4; 0-5; 0-75; 1*0; 1-5; 2-0; 3-0; 4*0; 5*0 A. 
Throw: 10; 61; 98; 115; 126; 133; 147; 154; 159; 162; 167; 171; 173. 
Plot the B — H and permeability — B graphs for this steel. 

16. The following results were obtained for a steel casting:— 

H= 3; 5; 10; 15; 20; 20 C.G.S. units. 

B — 6400; 9600; 13,050; 14,600; 15,300; 16,000 lines per sq. cm. 

Plot a curve with ampere-turns per inch as abscissae and lines per square inch 
as ordinates, and one with ft as ordinates. 



17. An electromagnet is made of steel of the above quality to the given 
dimensions. Find the ampere-turns necessary to produce a flux of 1-7 X 10® 
lines. 

18. Find the number of yards per volt for a current density of 1000 A. 
per sq. in. and a working temperature of 75° C. 

Use the result to find the length of winding, size of wire, and -winding 
space for a coil to produce 10,000 ampere-turns when supplied at 100 volts, 
if length of mean turn is 4 ft. 

19. Calculate the size of wire for the cylindrical shunt field coil of a 6-pole 

500-volt dynamo, the ampere-turns per pole being 5000 and the mean length 
of a turn 80 cm. Determine the minimum weight of copper required so that 
the temperature rise may not exceed 35® C., assuming that all the heat is 
dissipated from the cylindrical surface of the coil at the rate of 3'3 watts per 
sq. dm. per degree Centigrade rise. Specific resistance of copper 1-7 microhms 
at 15® C., density 8’9. [Lond. Univ., El. Mach. 

20. Find the force of attraction in pounds weight between the square-faced 
ends of two rods of iron placed in a solenoid. The area of the iron rods is 6 

E. E., VOL. I. S 
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sq. cm., the permeability of the iron is looo, and the magnetic force produced 
in the iron by the solenoid is 14 C.G.S. units. [Lond. Univ., El. Tech. 

21. How does the pull which an open solenoid exerts on its core vary with 

the position of the core in the following cases: (a) when the core itself is much 
longer than the solenoid; (&) when the core is from one-quarter to one-half as 
long as the solenoid; (c) when a very short cylinder or a sphere of iron is 
used instead of the usual core ? In the case [a) state also what difference, 
if any, will result if the solenoid is surrounded by a cylindrical jacket of iron, 
closed at the bottom by an iron disc. State also how the pull, in any given 
case, will be affected by a reduction of the excitation to one-half its normal 
value. [C. & G., II. 

22. A solenoid, 12 in. long, wound on a brass tube in. external diameter, 
is coiled with a No. 13 S.W.G. wire, having 10 layers with 115 turns in each 
layer, and can carry 5 amperes without undue rise of temperature. Calculate 
the strength of the magnetic field produced [a) at the centre of the coil, 
{&) at the open mouth of the coil. What is the maximum pull you would 
expect it to exert on a cylindrical rod of soft iron half an inch in diameter 
and 15 in. long ? In what position of this rod will the pull be a maximum ? 

[C. & G., II. 

23. A magnetic track brake is energised by the car motors, and each pole 

face has an area of 2*25 sq. in. Calculate the pull per pole in tons when the 
magnetic induction is 18,000. [Lond. Univ., El. Mach. 

24. A smooth-core armature, working in a four-pole field magnet, has a 
gap (from iron to iron) of 0*5 in. The area of surface of each pole is one 
square foot. The flux from each pole is 7 megalines. Find (a) the mechanical 
force with which the pole attracts the armature; [b) the amount of energy 
expressed in joules that is stored in the four gaps. (N.B.—746 joules = 550 
ft.-lb. at London; i ft. = 30-48 cm.; i lb. = 453*6 grm.) [C. & G., II. 

25. Explain why the holding-on force of a magnet is proportional to the 

square of the flux-density at the surfaces in contact. Which will exert the 
greater hold-on force—a magnet having a flux of 400,000 magnetic lines and 
a contact surface of 8 sq. in., or one having 500,000 lines and a contact surface 
of 12I sq. in. ? [C. & G., II. 

26. One field coil of a dynamo has to give 10,000 ampere-turns with a 
potential difference of no volts between its terminals. The mean length of 
one turn of wire on the coil is 0*4 m. Find the diameter in millimetres of 
the copper wire required; also find the number of turns of wire in the coil 
for a permissible loss of 90 watts. Take the resistance of a copper wire i m. 
long and i sq. mm. in cross-section at the temperature of the coil as 0-02 ohm. 

[C. & G., II. 
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I. An Alternating Current or Voltage 

An alternating current or voltage is one which flows or acts j&rst 
in one direction and then in the opposite alternately, hence the 
name. In most cases the time-intervals for the two directions are 
equal, and the values of the alternating quantity are the same ia 
magnitude though opposite in direction after the expiration of equal 
fractions of the intervals. Stated graphically this imphes that if 
the current or voltage he plotted on a time base, as ABCDEFG in 
Fig. 5.01 (the opposite directions bemg indicated by drawing the 
graph above and below the time-base), then the time-interval, AD, 
for one direction is equal to DG, the time-interval for the other 



direction. Further, if any fraction of AD, such as AK, be taken 
and DM is made equal to AK, then the values BK and EM, at these 
instants are equal in magnitude but opposite in direction. And in 
particular the maximum positive (CL) and negative (FN) values 
are equal in magnitude, and occur at equal times (AL, DN) after a 
zero value. 

Thus the complete graph consists of a series of half-waves of the 
same shape (such as ABC, CDE, EF, FG, etc., in Fig. 5.02), alter¬ 
nately above and below the time-axis to represent the opposite 
directions of flow of the current or of action of the pressure. A 
positive half-wave and a negative half-w^ave together form a 
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complete wave (ABODE in Fig. 5.02, ACDFG in Fig. 5.01) or cycle 
of changes. The time occupied by a complete cycle (AG in Fig. 
5.01; AE or CF or EG or etc., in Fig. 5.02) is called the periodic 
time or period: this is usually constant or changing relatively 
slowly. 

The number of periods or cycles in a second is called the periodi¬ 
city or, more often, the frequency of the alternating current or 
voltage. 

Evidently: (period in seconds) = 

The maximum value (BM positive and DN neptive in Fig. 5.02) 
is called the peak value^ or the crest value, or sometimes the amplitude. 

2. Sine Waves 

If a coil of any fixed shape is rotated with uniform angular 



velocity about an axis, fixed relatively to the coil, in a stationary 
uniform magnetic held, the graph of the E.M.F. produced in the 
coil plotted on a time base is a sinusoidal or sinoidal wave (usually 
called a sine-wave for brevity). That is, it can be expressed by an 
equation of the form: e — asm {bt -j- c), 
where e — the E.M.F. produced at any instant; 

t = time elapsed at that instant since the hxed zero of time; 
and a, h, and c are constants. 

Since the value of the sine of an angle oscillates between -f-1 
and — I, the value of a is equal to E^, the crest value of e. More¬ 
over if time is measured in seconds, the value of h is equal to co, 
the angular velocity of the coil in radians per second (see Fig. 5.04). 

The truth of the above can be proved most easily in the case of 
a single rectangular turn, rotating about an axis midway between 
two of its sides, in a field perpendicular to this axis. 
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Let I = length in cm. of sides parallel to axis; 
d — length in cm. of sides perpendicular to axis; 

B = flux-density (uniform) in lines per sq. cm.; 

a = angle between plane of coil at any instant and its 
position when perpendicular to field (see Fig. 5.03); 

and o) = angular velocity of coil in radians per second. 

Then the velocity of the sides (/) = cm. per sec.; 


( o .— sin a : 
2 


their velocity component (v) perpendicular to the field = 

the E.M.F. of the turn — 2^lv ~ 2^1. co- sin a, 

2 

= B.ld.a)sma, 

= B .A.oj sin a , 

= (^^.£0 sin a; 

where A = area of coil in sq. cm., 
and 0^ = maximum flux through 
the coil. 

These last two expressions can be 
proved to be true for any shape of coil 
and for any axis. 

If ^ ('' phiis the value of a at the 
start {i.e. when ^ = 0), then (a — 

is the angle turned through in t seconds, and so is equal to (at, 
hence a = cjt (j>; 

the E.M.F. of the coil = .sin (oji -f (j>), 
which is of the above form: e = a sin (6^ + c). 
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Fig. 5.03 .—Coil Rotating 
IN Uniform Field. 


The angle ^ is called the phase of the E.M.F. It is chiefly the 
phase differences of two or more alternating quantities that are of 
importance. 

If the E.M.F. is plotted on a time-base as in Fig. 5.04, the angle 
turned through can also be measured along the base, since it is 
proportional to the time. Thus for any point P on the graph, the 
ordinate PN represents the E.M.F. after a time t seconds has elapsed, 

and ON = t , on the scale of time, 

and ON = cot , on the angle scale. 
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Further, if A is the point at which the E.M.F. is zero, OA on the 
angle scale is equal to and PN is proportional to the sine of the 
angle AN. 

This E.M.F. goes through a complete cycle once in every revolu¬ 
tion (= 2ir radians), i.e, AE = period in seconds = 2?? radians; 

the frequency (/) = a>/2Tr; 

Oi — 27 t /; 

e = 2^/3>^ sin (277/25 -f ^). 

If the coil contains several turns wound together, the value of 
the E.M.F. is increased correspondingly, and the formula becomes— 

e— sin 
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Fig. 5.04. —Sinusoidal E.M.F. Wave. 


Though actual alternating voltages and currents are not always 
sine waves, the aim of designers of alternators is to obtain wave¬ 
forms as close to this shape as possible, since otherwise various 
undesirable effects may be produced (see Volume II.). This is, 
therefore, taken as the standard wave-form, which has the further 
advantage of greatly simplifying both theory and calculations. 

In this book sine waves will be assumed as a rule, with occasional 
notes on the effects of other wave-forms, leaving a fuller treatment 
of these to Volume IL 

3. Relation of E.M.F. and Flux 

It may be noted that the flux through the coil in Fig. 5.03 at 
any moment is 

M cos a = cos a = cos [wt -{- ^). 
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Now a cosine wave is of the same shape as a sine wave, but is a 
quarter of a period (= ^radians = 90°) ahead of it in phase, since 

cos {p)t -j- = sin “b ^ “T * 

Phase of the flux = 

Thus the flux through the coil and the E.M.F. produced are 
related as shown in Fig. 5.05; i,e, they are both sinusoidal waves, 
but differ in phase by quarter of a period, the flux leading. Note 
in particular that the E.M.F. is maximum when the flux is zero, 
and vice versa. 

A negative flux means that it passes through the coil in the 



Fig. 5.05.— Flux and E.M.F. Waves. 


opposite direction, which is the case when a (Fig. 5.03) lies between 
one and three right angles in value (90° to 270®). The directions 
to be reckoned positive are so chosen that a current driven by a 
positive E.M.F. tends to produce a positive flux. Thus, if in Fig. 
5.03 an E.M.F. acting down through the paper in A and upwards 
in B is taken as positive, then, by the Right-handed Screw Rule, 
the positive direction of the flux is vertically down. By applying 
the Right-hand Rule it will be found that the E.M.F. is then 
positive while B is higher than A, and negative when B is lower, 
corresponding to the graphs in Figs. 5.04, 5.05. The Right-hand 
Rule is as follows:—Place the thumb and the fore and middle 
fingers of the right hand at right angles to one another. Point 
the thumb in the direction of motion of the conductor, and the 
forefinger in the direction of the flux; then the middle finger gives 
the direction of the E.M.F. 
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This relation of the E.M.F. and flux waves can be proved readily 
by the use of the calculus as follows:— 

Let the flux (0) = 0 ^ cos {cot -j- = 0 ^ sin -f ^ 

Then for a single turn of any shape the E.M.F. {e) is given by:— 


e ~ 

as already obtained. 


dt 


= 0)0^ sin [o)t + (/>), 


4. Mean and Effective Values 

The mean value of an alternating voltage or current is zero, 
since the negative half-wave is the exact reverse of the positive 
half-wave. But for certain purposes {e.g. electro-chemical work 
with rectifiers) it is necessary to know the mean value of each 
half-wave. 

This can be found for any shape of wave as follows: Considering 
the rotation of a single turn as in Art. 2, average E.M.F. = mean 
rate of cutting lines of force during a half-cycle (or half-revolution) 
= 2* X (maximum flux)/(time of half-revolution) 

4 X maximum flux 
periodic time 


= 4 X maximum flux x frequency = 4/^^. 

The ratio to the crest valve is ‘637 for any sinusoidal wave. 
For other wave forms it can be found by plotting the half-wave on 

a time (or angle) base and finding the mean height ^or for 

the figure formed by the half-wave and its base (see Example i). 

For most purposes the effective (or virtual) value is more 
important. This may be defined as follows:— 

The effective value of an alternating | 


steady 


j current 
\ voltage 


which 


’ flowing in | 
applied to 


i voltage 

the same resistance causes 


heat to be produced at the same rate as the mean rate with the 
alternating | |» the conditions being the same.f 


* Because flux through coil is reversed in half a revolution, 
t Allowance must be made for effects due to the A.C. itself, cf. Art. 7. 
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Since the rate of heat production in a given resistance varies as 
(current) 2, the average rate for an A.C. depends on the average 
value of its square; 

(effective value)^ = mean value of (alternating current)^; 
effective value — V(mean value of A.C.)^ 


= square root of mean square. 


The effective value is consequently often called the R.M.S. value. 
The same applies to voltage;, since rate of heat production varies 
as (voltage) 


The ratio 


f effective value \ 
^maximum valued 


is called the amplitude factor of a 


wave, and for all sinusoidal waves it has the value = 707. 

V2 

The reciprocal of the amplitude factor, i.e. the ratio 
/maximum' eN 
I effective value J 


is called the peak factor, or crest factor, and for all sinusoidal 
waves it has the value V2 = 1*414. 

These values for sinusoidal waves are obtained as follows:— 

The maximum E.M.F. (see Art. 2) is 27 r/d^^; 

average E.M.F. _ 4 __ 2 _ 
maximum E.M.F. 2tt tt 
Again let i = sin cot, 

where = maximum value of current, 

and CO ~2t7 X frequency, 

and so i is an alternating current whose value is zero when t — 0 
(see Fig. 5.06). 

Then the rate of heat production in a resistance of one ohm is 
P = sin^ cot. 

But sin^ a)t = ^{i — cos 2cot), 

and the mean value of cos 2 cot over the period (or half-period) is zero; 
mean value of sin^ coHs 
mean rate of heat production is 
(Note that this is half the maximum rate of heat production.) 

.*. efiective value of current = Viln? = = • 

amplitude factor = 707, as stated above. 
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This will apply equally to any sinusoidal wave. 

( 277 

^ sin^ cDt d. cat 


. ^ aiif!!yr _ yi , 1 . y . .,5, 

277L2\ 2 Jjo 27rL J 2 

The ratio () is called the form factor of the wave. 
V Mean value / 

It cannot be less than unity. For sinusoidal waves its value is 



= i-iii. 



Fig, 5,06.— Effective Value of a Sinusoidal Current. 







Example l. Plot the following alternating voltage, the values being given 
at intervals of of period :— 

0, 26, 51, 89, 131, 173, 225, 298, 231, 164, 88, 30, o, - 26, etc. 
Determine its mean and effective values, and its peak and form factors. 

The wave is plotted in Fig. 5-07. 

The mean value is the mean height of the positive half-wave. Using the 
end-ordinate method:— 

Mean value 

= {0-1-26-1- 51 -f 89 + 131 -f 173 -p 225 -1-298 4. 231 4 164 4884 30} 

= 12 X 1506 = 125*5 volts. 
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(Note that 


mean value 


^ 125-5 ^ . 


•421 as against *637 for sine wave.) 


peak value 298 
The mean square may be found by squaring all the ordinates. 

Mean square = i’5{o + 676 -j- 2 601 -f 7 921 -j- 17 161 + 29 929 + 50,625 

4- 88 804 + 53 361 -f 26 8g6 -f 7 744 -f 900} 
= X 286 618 = 23 885; 

effective value = V2P85 = 154-5 volts; 
peak factor = = 1-90 (as against 1*41 for sine wave) 



80 000 

[VoUsy- 
60 000 


40 000 


Fig. 5.07 .—Effective Value of Non-sixusoidal Voltage. 


and form factor = _ 1*23 (as against i-ii for sine wave). 

N.B.—A peaked wave has high values for its peak and form factors, 
while a flat-topped wave has low values for these. 

5. " Clock,” “ Crank,” or Vector Diagrams 

If a line CB of fixed length is rotated about one end C, the length 
of its projection (CN) on a fixed line CD is equal to CB sin a, where 
a = Z ACB, AC being perpendicular to CD, and, therefore, parallel 
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to BN. Thus, if QM is drawn proportional to a from a fixed point 
Q, and in line with CA produced, and MP is made equal and parallel 
to CN, then jip = CB sin a = CB sin QM. 

Therefore if this is repeated for various positions of BC, the 
point P will trace out a sine-wave, and so can represent an alternating 
voltage or current. It is convenient when drawing the curve to 
take the positions of BC at equal angles apart (say 30'^). The 
corresponding positions of M are then at equal distances apart. 
If ^ is the phase of this alternating quantity, the origin of time ( 0 ) 
must be taken to the right of Q, so that QO = ^ on the angle scale. 
Evidently CB = the crest value of the alternating quantity; and 
time is proportional to the angle turned through by CB. 

Now if another alternating quantity is to be represented this can 
be done by taking another line (CE in Fig. 5.08) equal to the crest 



Pig. 5.08. —Relation of Crank Diagram and Time Graph. 


value of the second quantity and projecting from CE as it rotates 
about C, in the same way as for CB. 

If the two quantities have the same frequency the two “ cranks ” 
or vectors CB, CE will rotate at the same rate. But if the phase of 
the second quantity (<^') differs from that of the first then, so as to 
make the origin of time the same, when /_ BCA (a) ~ (j), l_ ECA 
= and so ECB = (^' — ^) = phase dif erence. Since the 
two lines CE, CB rotate at the same rate, this angle (ECB) always 
has this value. For instance, if the first quantity is the E.M.F. in 
Arts. 2, 3, and the second is the flux, then CB = CE = 0 ^; 
and Z BCE = a right angle. 

Consequently a simple diagram, consisting of the lines CB, CE 
alone, gives most of the information obtainable from the two com¬ 
plete sinusoidal waves, and the former takes very much less trouble 
to draw. Such a diagram is called a clock(or crankor 
vector diagram. 
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6. Vector Addition 


When the sum is required of two quantities alternating sinu¬ 
soidally with the same frequency (for examples see Arts. 8, 13), it 
can be obtained by vector addition; i.e. if the “cranks’' or 
vectors representing the two quantities are CA, CB (in Fig. 5.09), 
the parallelogram CADB is completed, and CD is then the vector 
representing the sum of the two quantities. 

For proof draw AN, BM, and DL, perpendicular to the vertical 
through C. Then CN is equal to the value of the first quantity at 
the instant chosen, and CM is equal to the value of the second 
quantity at the same instant. Therefore the value of the sum of 
the two quantities at this instant = CN CM = ML -f CM = 


CL, for CN = ML because CA and BD are equal and parallel. 

But CL is the projection of CD on the vertical, and therefore, a 
sinusoidal wave drawn by means of CD will have its ordinate equal 
to the sum of the ordinates of the waves of 
the two given quantities at each point. At 
some points one or both of the latter are 
negative, but the 'above relation still holds 
good provided the signs are taken into 
account; if one is negative the vector 
sum will be equal to the arithmetical differ¬ 
ence, and will be positive or negative 
according as the larger ordinate is the 
positive or the negative one. 

/ effective value \ . 

\maximum value/ 
constant for sinusoidal waves (see Art. 4), vector addition may be 
applied equally well to the effective values. The only difference 



Since the ratio 


Fig. 5.09. —Vector 
Addition. 


is that all the lines are reduced to 707 



times their 


length when maximum values were used. Alternatively, the same 
diagram may be used to represent both maximum and effective 
values, the scale for the latter then being 1*414 (= V2) times that 
for the former. 


7. Inductance 

When an alternating P.D. is applied to a circuit the effective 
current produced differs as a rule from that set up by a steady 
P.D., equal to the R.M.S. value of the alternating P.D., applied to 
the same circuit. It is of great importance for the study of A.C. 
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phenomena to understand clearly the reasons for the difference, 
and the factors affecting it. 

The cause of this difference is not that the relation: Current — 
P D 

——— is inapplicable to an alternating current, but that two 

.£\0 31 -St* C 0 

further considerations must be taken into account, viz.: 

V 

{a) ^* == applies to instantaneous values but not necessarily to 
R.M.S. values; 

{b) the action of the alternating current may produce an E.M.F. 

V 

..which changes the instantaneous value of the current from — to 


where e == instantaneous value of the E.M.F. set up by the 
current. 

The usual cause of this 
E.M.F. is that the magnetic 

flux due to the A.C. links with 
the circuit, and when the flux 
changes with the current an 
E.M.F. is induced in the circuit 
called the self-induced E.M.F. 

The value of this depends on 

the rate of change of the flux, 
and acts in the direction which 
opposes this change (by Lenz’s 
Law, see Appendix A); i.e. 

when the current is increasing 

the self-induced E.M.F. opposes it, and when the current is 
decreasing this E.M.F. assists it. 

The relation between the three quantities is therefore usually 
somewhat as shown in Fig. 5.10, the flux and current changing 
together and the E.M.F. being small when they are large but 
changing slowly, and large when they are small but changing 

rapidly. The E.M.F. lags behind the flux and the current by 

quarter of a period (or go°) if the half-waves of the latter are 
symmetrical, which is usually the case but not always. 

If the flux wave is sinusoidal the E.M.F. wave is sinusoidal too. 
For let the equation of the flux wave be 0 = (p^ sin ojt, 



INDUCED F.N.F. 



^ cos (ot, 


then 


e — 
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where "6 = number of turns in the coil, 
i.e. the E.M.F. wave is a cosine wave reversed, and so lags by J 
period as stated above. 

The value of (0^^ 7S) depends partly on that of the maximum 
current (I J and partly on the coil and its magnetic circuit, and so 
may be equated to LI^, where L depends only on the coil and its 
surroundings. 

Since LI^ = 0 ^ rs, 

L — 0m 

i.e. L in C.G.S. units is equal to the number of magnetic hnkages 
per C.G.S. unit current; and so L is the inductance (see Chap. II., 
Art. i). 

When the magnetic circuit is of constant permeabihty the flux 

075 

is proportional to the current; L = constant; 

dlLi) ^ di 


and for a sine wave 


oso.^; 

at 


Max. value of ^ = coLI^ 


and R.M.S. value ote — wLI, 

where I = R.M.S. value of current. 

From the relation d = — 'L.dijdt an alternative definition of 
inductance is obtained as follows:— The inductance of a coil [in 
C.G.S. units) is equal to the {C.G.S.) E.M.F. self-induced by a current 
changing at the rate of i C.G.S. unit per second. 

The practical unit of inductance is called the Henry and may be 
defined as follows:— The inductance of a coil in henries is eqtial to 
the number of volts self-induced by a current changing at the rate of 
I ampere per second. 

Hence i Henry = 10^ C.G.S. units of inductance; 
since i ampere = C.G.S. unit of current, and to induce i volt 
requires a change of lo^ magnetic linkages per sec. 

The connexion with the magnetic circuit of the coil can be 
obtained as follows:— 

Flux = (M.M.F.)/Reluctance. 

Hence Im ®/R- 

But, as was shown above, the inductance is given by 
L = <P™5/I„. 



128 


Alternating Currents 


Substituting for and cancelling out results in 
L = ( 47 r/io) 

This shows that to obtain a large inductance the electric circuit 
should have many turns, and that secondly the reluctance of the 
magnetic circuit should be kept small. 

Though the current has been cancelled out it nevertheless affects 
the value of the inductance if the magnetic circuit consists partly or 
wholly of magnetic material. For the value of the reluctance 
changes inversely as the permeability and this depends on the 
flux-density. This in turn depends on the current, and so the 
inductance has different values with different currents. 

In the majority of cases this effect is negligible and so the 
inductance is treated as a constant of the circuit. It should be 
borne in mind that this is not exact when the main part of the 
magnetic circuit is of iron. 

8. Reactance and Impedance 

The ratio of the effective value of the self-induced E.M.F. to the 
efective value of the current is called the Reactance of the circuit. 
If volts and amperes are the units employed for the first two then 
the reactance is in ohms: or in symbols 



where X = reactance in ohms, — self-induced E.M.F. in volts 
(R.M.S.), and I = current in amperes (R.M.S.). 

Since has been shown to be equal to wLI (Art. 7), it follows 
that X = coL. Thus the reactance varies directly as the frequency 
and is not, hke the inductance, dependent only on the circuit. In 
particular for steady currents (D.C.) the reactance becomes zero. 

When there is a self-induced E.M.F. the ratio ( 

\ Current 

is no longer equal to the resistance as it is for steady currents, and 
this ratio is then called the Impedance; 

7 

where Z = impedance in ohms, 

V = applied P.D. in volts (R.M.S.), 

I — current in amperes (R.M.S.). 
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Consider a circuit consisting of an inductionless resistance (R), 
and an inductance (L) of negligible resistance in series [Fig. 5.ii{iz)]. 

If i amperes is the instantaneous value of the current flowing 
at any instant through the two from A to C [i.e. when flowing from 
C to A, i is a negative quantity) the P.D. across R of A above B is 

>!w\AAA/toM5^ 


la) 

Circuit Diagram. 



IM M > rm H Resistance T.D. 

-Self-induced E.M.P. 

Reactance F.D. 

» » — —^ Total P.D. 



(&) Time Graphs. (c) Vector Diagram. 

Fig. 5 .II.—Resistance and Reactance in Series. 


R^’ volts. If the current wave is a sine wave, i == I„i sin (ot, the 
resistance P.D. is likewise a sine wave being given by R.I^ sin of. 

dt 

At the same instant the self-induced E.M.F. is — L^, and the 

, . , T di 

P.D. across L of B above C must balance this and so is equal to L—• 


E. E., VOL. I. 
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For a sine wave of current this P.D. is 
cos (j}t (see Art. 7) as shown in 
Fig. 5.ii(i). The total P.D. of A above 
C at any instant is the sum of the P.D.s of 
A above B and of B above C at the same 
instant, just as for a steady P.D. [i.e. 
with direct current) ; 

total P.D. = Rf for all wave 

forms 

= sin <x)t -f cos cot for sine wave. 

As shown in Art. 6, this latter sum can be 
obtained by vector addition. In Fig. 5.11(c) 
let OD be the current vector; then OE 
drawn in same direction and equal to RI^ is the resistance P.D. 
The self-induced E.M.F. is represented by OF = a right 

angle behind OD, and the P.D. of B above C is given by OG equal 
in magnitude to OF but drawn in the opposite direction. Complete 
the rectangle OEHG. Then OH is the vector for the resultant P.D. 

Now OH 2 = OE 2 + OG 2 ; 

resultant P.D. (max.) = 

= W{R^H-(cuL)2}; 
resultant P.D. (R.M.S.) = 

impedance of AC = = V{R^ + 



Fig. 5.12.—Impedance 
Triangle. 


From this last result it follows that if a right-angled triangle KLM 
is drawn with the sides (KL, LM) containing the right angle repre¬ 
senting the resistance and reactance respectively to the same scale, 
the hypotenuse, KM, represents the impedance on the same scale. 

The phase difference between the total P.D. and the current is 
given by the angle HOE in Fig. 5.11(c). But the triangle MKL is 
similar to the triangle HOE since each side is equal to the corre¬ 
sponding side of the latter, divided by I^. Therefore the angle 
MKL is equal to the angle HOE; 


tan ^ 


cdL 


X. 

R’ 


and cos (j> = 


R 

Z 


where Z = impedance of whole circuit 

and (j> — phase difference between current and total P.D.; 

and the current lags behind the voltage. 
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If the resistance and reactance are combined instead of being in 
separate parts of the circuit all the above still holds good except 
that the resistance and reactance P.D.s (Vj and Vg) cannot be 
measured directly. 

Example 2. An inductionless resistance of 10 ohms is in series with an 
inductive coil of 15 ohms reactance at 50 ayid of negligible resistance, (a) Cal¬ 
culate the current flowing when a P. D. of 200 volts at this frequency is applied 
to the terminals, and the P.D. across each pari of the circuit. 

[h) Find the total P.D. required to produce the same current as before at 25 
[a) Total impedance = \/(io)2 + (15)2 (see Fig. 5.13). 

= ^/ 5 ^ 

= 18-0 ohms; 

. 200 

current — ri-i amperes. 

P.D. across resistance = ii-ia x 10^ = in volts, 

„ „ reactance = ii-i x 15 167 volts. 




111 


83 i 


Fig. 5.i4.~At 25^. 


(6) The P.D. across the resistance is unchanged. 

The P.D. across the reactance is proportional to the frequency, and 
therefore its new value is f§ of 167 volts — 83^ volts; 

total P.D. = V{(m)' + (83^)“} (see Fig. 5.14)- 


= 139 volts. 


9. Power in A.C. Circuits 

In a D.C. circuit the power in watts is equal to the product of 
the volts and the amperes. In A.C, circuits this remains true for 
instantaneous vaktes. But the average power is usually not equal 
to the product of the R.M.S. values of the volts and amperes (nor 
of their mean values). For sinusoidal waves it can be showui that:— 
average power = VI cos ^ 
where V, I = R.M.S. values of volts and amperes, 

^ — their angular phase difference; 
and cos <f> is called the power factor. 
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For let V ~ sin <ot be the equation of voltage wave 

and i = sin ((oi — the equation of current wave. 

Then the equation of the power wave is:— 

w = V X i = V^I„ sin (at sin {cat — <(>), (see Fig. 5.15) 

= i V {cos - cos (2 (at - 

The mean value of the second term in the bracket taken over a period (or 
half a period) is zero; 

mean value of ly == cos ^ 

— VI cos ^ 

since and I^ = V^'I (see Art. 4). 

Note that the power wave is of double the frequency of the 
voltage and current waves and so goes through a complete cycle of 



changes in half a period. Further, that the instantaneous value of 
the watts varies between VI (i + cos and — VI (i — cos ^), 
and that the average power is half the (algebraic) sum of these. 
Negative values mean that at the corresponding instants the circuit 
is returning power to the supply instead of absorbing it. 

With non-sinusoidal waves the power may still be written VI cos (j> 
so that the power factor is cos hut as a rule ^ is in such cases not 
exactly equal to the angle of phase difference between current and 
voltage, which may then be denoted by ^ psi "). 

Example 3. The P.D. applied to a circuit and the cunent fiowing in it 
have the following values at corresponding instants, ^-^ih period apart. 
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P.D. o, 26, 51, Sg, 131,173, 225, 298, 231, 164, 88, 30, o, etc., volts. 

Current — 39, — 17, 0,16, 31, 50, 61, 74, 85, 98, 81, 65,39, etc., amp. 

JFtnd the R.M.S. values of the P.D. and of the current, the average power, 
and the power factor. 

The R.M.S. P.D. has been found in Ex. i to be 154*5 volts. 

Proceeding similarly with the current wave:— 


mean square of current = 


1521 -f 289 -j- o -f 256 -f 961 -f 2500 i- 3721 \ 
+ 5476 + 7225 + 9604 -f 6561 -f 4225 J 


= T 2 X 42339 = 3528; 


R.M.S. current = V{3528} = 59*4 amperes. 



2.16.—Power with Non-sinusoidal Waves. 

By multiplying corresponding values of volts and amperes the power wave 
ordinates for half a period are found to be 
0, - 442,0,1424,4061, S650,13725,22052,19635,16072,7128,1950, Wyatts, 
those for the next half period being a repetition of these. 

Sum of positive ordinates = 94697 watts 
Sum of negative ordinates = —442 watts 

Complete sum (12 ordinates) = 94255 watts 
Average power = of 94255 
= 7855 watts. 









134 


Alternating Currents 


Power factor = 


Watts 


7855 


Volts X Amperes 154-5 X 59’4 


•856. 


Equating this to cos ^ makes (f> = 59'^ whereas [ifi) the angle of lag of 
current at zero value = 60°. 


10. Components of Voltage and Current 

It follows from Art. 8 that in a circuit containing resistance and 
reactance the total R.M.S. P.D. is the vector sum of IR and IX 
(see Fig. 5.17), and that these are respectively equal to V cos <j) and 
V sin (j). These are called the components of the voltage. 

Since average power == VI cos p 

= (current) x V cos p, 

the former (V cos <f>) is called the power component, or the active 
voltage. 

The other component (V sin p) is often called 
the wattless component because it does not imply 
the expenditure of any power on the average, 
that which is supplied during one quarter period 
being returned during the next quarter period. 
An alternative name is the reactive voltage; and 
the quantity VI sin p is called the reactive 
volt-amperes. 

In the same way the current may be divided 
into two components I cos p and I sin p, 
similarly named. 

To obtain a physical image of this a non- 
inductive resistance (R) and a reactance (X) of negligible resistance 
may be supposed connected in parallel [see Fig. 5.18 {a)]. 

Then if I cos = current in R, 

and I sin = current in X 

these currents are respectively in phase with, and lagging 90° behind, 
the common terminal P.D.(V). Therefore;— 

Total current = vector sum of separate currents 

= V{(I cos -f (I sin ^) 2 } [see Fig. 5.18 (6)] 
= I\/{cos 2 (j> + sin^ <j>} — I, 

and p is the angle of lag of total current behind the voltage. 

V V 

Note that I cos ^ , and I sin - 

K A 



iR 

Fig. 5 - 17 - 
Components OF 
Voltage. 




Choking Coils 




and therefore I = W + ^ | = gj^' 

V RX 

combined impedance = v-= —7 - (cf. Art. 8) 

I VR2 -fX2 ^ 

It is often convenient to split the voltage or the current into 
these two components in cases where the resistance and reactance 
are not separate (for example see Art. 13). 


II. Choking Coils 

When for any purpose electric power is required at a pressure 
lower than that of the supply, the most straightforward method 
with D.C. is to absorb the excess pressure in a series resistance. 
(For other methods used with D.C. see Chap. XVI., Arts. 8-10.) 
This can be done with A.C. too, but usually it is better to use a 
choking coil, i.e. a coil whose reactance is large compared with its 
resistance. 

The advantage of 
this is that the total 
power absorbed is much 
less than with a resist¬ 
ance. If the choking 
cod has only reactance 
(X) and the apparatus (^) Circuit Diagram. (&) Vector Diagram. 
in series has only re- Fig. 5.18.— Components of Current. 
sistance (R) the power 

absorbed = VI cos ^ = V.L ^ = power absorbed by resist- 


t cos ^ 



I Sint; 


V 

ance alone (since - = I). Vdiereas with a series resistance (RJ the 
Z/ 

power absorbed = I^ (R -f RJ = VI; i.e. it is greater than the 

^ R _l_ R 

power taken by the useful resistance alone in the ratio — 


= ^, where V^ == P.D. across useful resistance = IR. 

With an actual choking coil of effective resistance R^, the power 

R I R 

taken by the whole circuit is increased similarly in the ratio —g— 


but since R^ can be made much less than R^ the saving is still 
considerable (see Example 4). The lower the power factor of the 
coil the higher is its efficiency. 
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The choking coil acts by taking in energy during part of the 
period and restoring some* of it during the next part in a manner 
analogous to that of a flywheel. The amount of energy thus stored 
and returned can be proved equal to and therefore to LP 

for sinusoidal waves. 

For if the current is reduced to zero in t sec. at a uniform 
rate the induced E.M.F. has the value — L.dijdt - L.ljt during 
this time, and the average current is |I^. Hence the work done 
== V.L^ = Liljt) value is unchanged 

if the current is reduced to zero in any other manner. If L is in 
henries and is in amperes the energy is in joules (watt-seconds); 
but if L and I are in C.G.S. units the energy is in ergs. 

In the former case if the iron reluctance is negligible and air- 
gap is of length I cm. and cross-section A sq. cm., with a maximum 
flux-density of B lines per sq. cm., 
] (10/477) BZ/U,and! = BA?5/io®; 

I /. iUJ = (B2/877).A^/io 8 = ergs 
in gap/io® = joules in gap (see 
Chap. IV., Art. 42). 

A choking coil (see Fig. 5.19) 
consists of many turns of wire wound 
on a laminated iron core, prefer¬ 
ably with a short air-gap (or gaps) 
in the magnetic circuit to reduce 
the distortion in the wave form 
Fig. 5.19.— Choking Coil. which variable permeability and 
hysteresis produce. Its effective 
resistance (Rc) is greater than the ohmic resistance [i.e. that due 
to the coils alone) by an amount which takes into account the 
losses due to hysteresis and eddy currents in its core, and is given 
in ohms by 

watts absorbed by coil 
® (current) 2 

This effective resistance increases with the frequency (but not 
in direct proportion to it) because the iron losses increase with 
frequency (see Chap. XIL, Art. 3) while the ohmic resistance is 
independent of the frequency. 

Example 4. A choking coil is required to enable a number of incandescent 
[non-inductive) lamps to take 3-2 A. at no volts from an A.C. supply at 210 




All, if its resistance is negligible. 



Chokikg Coils 


volts. If the effective yesisiance is 4 ohms, find its reactance, and compare its 
efficiency with that of a series resistance for the same purpose. 


The resistance of the lamps = 


3-2 


34*4 ohms; 


total resistance in circuit = 34-4 + 4 = 38*4 ohms. 
The total impedance = = 65-6 ohms; 

reactance of coil = ~ (3S-4}“} 

= ^/{lo^ X 27*2} 

= 53-2 ohms. 


Ef&ciency = = 

= -896 = 

With a series resistance;— 


8‘4 ~ 
•6 per cent. 


■ -104 


Total resistance in circuit = ■ 
series resistance=65-6—34-4=3i-2ohms; 


3-2 


65*6 ohms; 


efficiency = 


34 - 4 . 
65-6 ■ 


•524 = 52*4 per cent. 


Alternatively;— 

Power used by lamps = i lov 
X 3*2A = 352 watts 
Power absorbed by coil == (3*2)2 
X 4 = 41 watts; 

efficiency of coil — — 


-11 

393 


352 -f 41 

8g*6 per cent. 



Power absorbed by series resistance 
— iio)v X 3*2 = 320 watts; 

efficiency of series resistance = 


(210 


Fig. 5.20 ,—Vector Diagram 
OF Choking Coil Circuit. 


352 

352 + 320 


: 52-4 per cent. 


12 . Capacitance Current 

When a steady P.D. is applied to a condenser, current flows until 
in a brief time the P.D. between the plates becomes equal to that 
applied. Thereafter no current flows, unless the condenser is a 
leaky one, in which case a smaller current continues to flow through 
the insulation between the plates {e.g. a cable, see Chap. III., Art. 15). 

If the P.D. applied is an alternating one of steady R.M.S. value 
an alternating current will flow whose R.M.S. is constant (except 
sometimes during the first few oscillations). With sinusoidal waves 
the value of this current is given by:— 

1 = 

I = R.M.S. value of current in amperes, 


where 
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Fig. 5.21.— Capacitance Current 
WITH Non-sinusoidal Waves. 


Current flowing rate of change 

_ ^ 
dt 


(X) = 27 T X frequency, 

C = capacitance of condenser 
in farads, 

V = R.M.S. value of applied 
P,D. in volts, 

and this current leads the P.D. 
by i-period (see Ex. 5). 

Proof.—Let the voltage wave be 
given by I) = V„i sin cot. 

Then the quantity in the con¬ 
denser at any instant is given by:— 
q =Cv 

= CV^ sin a)t. 

quantity, 


= CV, 


d sin at 

“ dr~ 


= wCV.,, cos (at, 

i.e. it leads the P.D. by 90° — ^-period. 
Max. value of current = wCV^; 

... R,M.S. „ „ „ = 


= coZV 

With non-sinusoidal waves the current ^ j has a wave-form different 

from the P.D.s, but the angle of lead remains ^-period if each half of either 
wave is symmetrical, and then the other wave is also symmetrical (see Fig. 5.21). 


Example 5. (a) Calculate the current taken by a cable 11 miles long 
having a capacitance 0/0-31 microfarad per mile when connected to a supply at 
■6 600 volts 50 with no load on the cable. 

(&) If a non-inductive load of 100 kilowatts comes onto the cable, what is the 
■new value of the cable current? 

(a) Capacitance of cable = ii x 0-3 i^F = 3-41 fxF; 

Capacitance current = wCV = 2 tt X 50 X X 6600 
= 7-06 amperes. 

... T j ^ 100 X 1000 

(0) Load current = -— ~ ^ 5'^5 s^^niperes. 

This is in phase with the P.D. but the capacitance current leads the P.D. 
by 90°. The total current is the vector sum of the two currents as the two 
•circuits are in parallel; 

.'. total current = V{(i5‘i5)‘ + (7'o6)=} = \/{274'5} 

= i6-6 amperes. 
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13. Capacitance and Impedance in Series 

If a condenser of capacitance C farads [AB in Fig. 5.22(a)], is 
connected in series with an impedance of Z ohms [BC in Fig. 5.22 (a)] 
made up of R ohms resistance and L henries inductance, the 
respective P.D.s are given by:— 

Vj = and V2 = IZ = I\/{R 2 + 

The total P.D. (V) is the vector sum of Vj and Vg. The value of 
this can be found by splitting Vg its components RI and toll 
(see Art. 10). Then, if in Fig. 5.22 (&), OP represents lagging 
90° behind the current, and OQ represents Vg, OR its power com¬ 
ponent, and OS its reactive component, the total P.D. is given by 
OW, the diagonal of the parallelogram OPWQ. But OW is likewise 
the vector sum of OP, OR, and OS; and OP and OS are in exactly 
opposite directions, and so their vector sum is equal to their arith¬ 
metical dif erence = OT (where ST = OP); 

V = OW = VIOR' + 0 T 2 } = ^/{(RI)' + ( 

The current will lag behind the total P.D. [as shown in Fig. 
5.22 (b)] or will lead it, according as wL is greater or less than 


14. Resonance 

In the particular case when coL is equal to ^ (or w^LC = i), 

the current is in phase with the total P.D., and the latter is equal 
to IR; i. 6 . the capacitance and reactive voltages cancel out, and 
the current is the same as if the resistance alone were in the circuit. 





Fig. 5.22 .—Capacitance and Impedance in Series. 
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The P.D. across the impedance is then greater than the total P.D., 
and the capacitance P.D. mayalsobegreater [seeEx. 6 («)]. 

With a given capacitance and inductance the frequency at 
which these effects occur is given by:— 

2it 27T 

This state is known as resonance, from analogy with sound, 
because the frequency is the same as that at which electricity would 
oscillate in a circuit consisting of the capacitance and inductance 
alone when short-circuited. 

When the applied frequency is close to that of resonance, the 
P.D.s across the condenser and the impedance respectively may 
exceed the total P.D.; and this is known as partial (or imperfect) 
resonance [see Ex. 6 (6)]. 

If the condenser (Fig. 5.23) is initially charged to a potential 
V^, on closing the switch the condenser will discharge. By the 
time that the condenser is discharged a con¬ 
siderable current is flowing in the inductance, 
and as it diminishes the condenser is re¬ 
charged to its original P.D. (if there is no 
resistance in circuit) but in the reverse direc¬ 
tion. It then discharges again and thus 
Fig. 5.23.—OsciL- oscillation of electricity in the 

LATORY Circuit, circuit, i.e. an alternating current of constant 
effective value. 

Originally the energy contained in the condenser amounts to 
For if the condenser is discharged at a uniform rate in t 
seconds the current during discharge is QJt = CYJt. And the 
mean voltage during discharge is |V^. Hence the energy given out 
is V.D = iVm..(CVJt)J = iC\V. If C is in farads and V in 
volts the energy is in joules (watt-seconds). At the moment of 
complete discharge all this energy is in the inductance; 

(cf. Art. ii). 

(since I„ = ^) 

cd^CL = I, as stated above. 

Example 6. A coil of 0-64 henry inductance and 40 ohms resistance is 
connected in series with a condenser of 12 microfarads capacitance. 

[a] Find the frequency for resonance, and the P.D.s on the coil and on the 
condenser and across the two, when a current of i-5a at this frequency is flowing; 
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(6) find the three P.D.s when the same current at 50 reflows; 

(c) repeat this for 75 cycles per sec. 

(a) Frequency for resonance = — /X 

25 r V LC 

_ i. . // 10^ \ 

277 V '•0*64 X I2j 

= 57*5 cycles per sec. 

Reactive P.D. = 217 x 57*5 X 0*64 x 1-5 = 347 volts. 

Resistance P.D. = 40 x 1-5 = 60 volts. 

Coil P.D. = ^{60^ 4 - 347 ®} = 352 volts. 

Condenser P.D. = — ^ = 04-7 volts. 

277 X 57*5 X 12 

Total P-D. = Resistance P.D. = 60 volts. 

fj) Reactive P.D. = 277 x 50 x 0*64 x 1-5 =302 volts; 

Coil P.D. = -^^{602 4- 302*} = 308 volts. 

Condenser P.D.- ^-5 _ ^gs volts. 

277 X 50 X 12 

Total P.D. = y’{60^ 4- (302 — 398)*} (cf. Fig. 5*22.) 

= V{6o^ 4- 96®} = 113 volts. 

Current leads the total voltage. 

(c) Reactive P.D. = 302 x 75/50 = 453 volts; 

Coil P.D. =^{602 4- 453®} = 457 volts. 

Condenser P.D. = 398 x 50/75 = 265 volts. 

Total P.D. =y{ 6 o 2 4- (453 - 265)2} 

= -1/(602 j 382 | _ jgj volts. 

Current lags behind the total voltage. 

15. Mechanical Analogies 

The behaviour of A.C. circuits may be understood more clearly 
by comparing them with certain mechanical arrangements which 
act in similar fashion. For instance, if a twisting moment is 
applied to a heav}^ flywheel it gathers speed gradually. If this 
torque is reversed after a time, the fl3nvheel continues to move m 
the opposite direction to the force at a decreasing velocity, then 
comes to rest, and only after this does it begin to move in the 
direction of the force. 

This is analogous to the application of an alternating P.D. to 
an inductance (see Art. 7), the velocity of the flywheel corresponding 
with the magnitude of the electric current. If the torque varies 
sinusoidally with time the velocity does the same, but the velocity 
is zero when the force is at its maximum, and the velocity reaches its 
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maximum when the force has fallen again to zero, i.e. the changes 
in velocity lag behind those of the force by J period, just in the 
same way as the current lags behind the applied P.D. 

Moreover, the greater the moment of inertia of the flywheel, the 
greater the force required to produce a given velocity. And 
again, the greater the frequency the shorter the period) the 
greater the force required. And, thirdly, the greater the velocity 
to be produced the greater the force. These correspond with the 
proportionality of the P.D. to {a) the inductance, (6) the frequency, 
and (c) the current. 

Electrical resistance can be represented by bearing or air friction, 
or by the immersion of the flywheel in a more or less viscous liquid. 
These produce a force which always opposes the motion, and which 
increases with the velocity of the flywheel. If the viscosity is 
great and the inertia small, the maximum velocity will occur 
almost at the same instant as the maximum force. As the inertia 
increases or the viscosity decreases, the time lag of the maximum 
velocity increases, tending towards the | period lag of the case of 
no viscosity. 

A spring is analogous to an electrical condenser. If a force is 
applied to its free end the deflexion (electrical charge or quantity) 
is proportional to the force (P.D.) unless the elastic limit (dielectric 
strength) is exceeded. If an alternating force is applied the 
deflexion at each instant is proportional to the force, but the 
velocity (current) is not. The force is maximum, positive or 
negative, at each end of the movement, but the velocity is zero at 
these instants. On the other hand, the maximum velocity occurs 
at the centre of the movement and the force is then zero. Moreover, 
the maximum velocity in either direction occurs \ period before the 
maximum force in the same direction, corresponding with the 
leading current taken by a condenser (Art. 12). 

The effect of frequency is the same in the two cases. For if 
this is altered and the maximum value of the force is unchanged, 
the same maximum displacement is produced in a time which is 
shorter the greater the frequency. Thus the maximum velocity 
increases directly as the frequency, in the same way as does 
capacitance current: 

By combining inertia with an elastic body, e.g, a weight supported 
by a spring, a model of an electrical oscillating circuit (Art. 14) is 
obtained. If this is displaced from its equilibrium position and 
then released it will oscillate at a frequency depending on the 
elasticity of the spring and the inertia of the weight. The amplitude^ 
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and therefore the velocity, of the oscillations gradually diminishes 
owing to air or other resistance, but the frequency is constant. 

If an alternating force of this frequency is applied, the maximum 
displacement (and therefore the maximum velocity and stress) is 
much larger than if the same force is applied to the spring alone or 
to the weight alone. The maxima are limited only by the resist¬ 
ances, and so a small force of the resonating frequency may cause 
a breakdown just as in the corresponding electrical case. 

The analogy between the mechanical and electrical systems is so 
close in all these cases that anyone familiar with the former will 
find little difficulty in extending the comparison to many other cases. 

16. Skin Effect 

When a conductor of large cross-section carries an alternating 
current the centre portions have a larger E.M.F. induced in them 
than the outer portions, since the former have a larger flux linked 
with them; e.g. with a straight conductor of circular cross- 
section the lines of force are concentric circles the whole of which 
link with the axis of the conductor: but a filament of the conductor 
at a distance from the axis does not link with those lines of force 
which lie between it and the axis. 

The result of this difference in the induced E.M.F.s is to make 
the current density vary over the section, increasing towards the 
surface. In addition a phase difference is produced between the 
currents in different parts. As the centre is approached the current 
lags more behind the current at the surface owing to the greater 
inductance of the central parts. 

The total current is the vector sum of the currents in the elements 
of the sectional area, and this is necessarily less than the arithmetical 
sum. But the heating produced (FR loss) depends on the latter; and 
is further increased by the departure from uniform current density. 

Therefore, defining resistance as:— 

(watts lost in heating the conductor)/(current)2, 

it follows that the resistance of a conductor to alternating currents 
is greater than its resistance to steady currents. The impedance of 
the conductor is higher still owing to its reactance with A.C. 

Obviously, this effect will increase with the size of conductor 
since for the same current density there will be more internal flux. 
Similarly, higher frequencies produce a greater effect since these 
produce greater phase differences: whereas higher resistivity reduces 
the effect because it reduces the phase differences. 
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For conductors of circular section and of non-magnetic material 
the amount of the increase depends on a quantity [m) = irdV^f/p' 
±Q-id‘\/2flp, where d = diameter in cm.; / = frequency in cycles 
per sec.; p'= resistivity in C.G.S. units; p = resistivity in 
microhm-cm. ~ p' -r lo^. 

When m is less than i the increase is under J per cent., but 
becomes greater rapidly for higher values of m, reaching loo per 
cent, when m is 4-9. For higher values, (A.C. resistance)/(D.C. 
resistance) = 0-353^ + 0-27 approx., and for very high values, 
this ratio = w/2\/2 ~ 0-3536w approx. 

At a frequency of 50 the increase of resistance is negligible 
for conductors, other than iron, of less than o-6 in. diameter. For a 
round copper conductor o-8 in. diameter, the increase is about 3 per 
cent, rising to 7 per cent, for i in. diameter, and to 30 per cent, for 
11 in. diameter. For other non-magnetic metals the same per¬ 
centage increases occur at diameters which are greater in proportion 
to ^(resistivity), t.e. which give the same conductance per unit 
length, as the expression for m shows. 

With iron and other magnetic materials the effect is much 
greater since, with a given current, a greater magnetic flux will be 
carried by the conductor itself. The ef ect is represented by increas¬ 
ing m in the ratio of Vpermeability. Thus the amount of the 
increase will vary with the current, being greatest at a value which 
causes such a flux in the conductor that the average permeability 
is a maximum. For both higher and lower values of the current 
the increase of resistance wall be smaller. Moreover the hysteresis 
loss will be included in the heating loss, and so the properties of the 
material in this respect will affect the ratio. 

For steel rails, used as a return conductor in tram or train 
traction, an approximation for working conditions may be made by 
assuming that at 25 ^ only the outside layer to a depth of 3 mm. 
carries the current, and 4 mm. for 15 

When m is large RJR = mj 2 V 2: 

R, = (m/zVE) ip'lli^d^) 

= [vdVJizVp') 

= p'lji^V p'lf) = plKirdVp'ljl2tr). 

Thus the value of is the same as if the current flowed only in a 
thin skin near the surface of thickness Vplfl 27 T. 

* Wilson & Lydall, Electric Traction, Vol. II., Chap. 8. 
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17. Impedances in Series 

When two impedances are connected in series (Fig. 5.24) the 
total P.D. is the vector sum of the separate P.D.s. And since the 
current is the same in the two at each instant, the total impedance 
(Z) is equal to 

I Total P-D.) __ Vector sum of separate P.D.s 
\ Current J Current 

— Vector sum of impedances, 

i.e. total impedance = PS in Fig. 5.24, if PQ and QS represent the 
separate impedances in magnitude and phase. 

By splitting up each impedance into resistance and reactance it 
follows that:— 

Z = PS = ViPL^-hLS^} 

= V{(PN + NL )2 + (LM + MS) 2 } 

= ^{(R, + -R,Y + Qi^ + X,Y}. 


A P V 


(fl) Circuit Diagram. (6) Vector Diagram. 

• Fig. 5.24 .—^Impedances in Series. 

In the same way it can be shown that with any number of 
impedances in series:— 

Total impedance = Vector sum of separate impedances. 

= 'v/{(Sumof resistances)^4-(Sumof reactances)-}. 

(See, however, Art. 22 for a modification of this rule under some 
conditions.) 

Example 7. A non-inductive coil [A) of 7 ohms resistance, is connected 
in series with a coil (B) of 8 ohms impedance and 6 ohms resistance, and a coil 
(C) of 12 ohms impedance avid 3 ohms resistance, when frequency is 50 r^. 

(а) Find the total impedance at this frequency. 

(б) What current flows when 200 volts 50/ is applied to the terminals, and 
what are the P.D.s across the various coils? 

[c) If coil A is short circuited, to what value does : current rise ? 



E, E., VOL. I. 
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(a) Reactance of coil B = ^{8® — 62 } = V28 = 5*3 ohms. 
Reactance of coil C = — 3“} = V135 = ii‘6 ohms. 

Total impedance = ^/{{7 + 6 + 3)2 -f (0 + 5-3 + ii-6)2} 
•f 286} = 23-3 ohms. 


(&) Current = = 8-59 amperes. 

P.D. across A = 8-59 X 7 = 6o*i volts 
„ „ B = 8-59 X 8 = 68*7 volts 

,, „ C — 8*59 X 12 = 103*1 volts. 

Note that the sum of the P.D.s is 23i*9V, which considerably exceeds the 
total P.D. of 200 volts. 

(c) The total impedance of B and C in series 

= V{(6 + 3)" + (5-3 + 11*6)2} = ^{81 4- 286} 

= 19*3 ohms; 

increased value of current = ~ = 10-4 amperes. 


18. Impedances and Condensers in Series 

This case may be treated by firstly obtaining the total impedance 
of the separate impedances by the above method, secondly, calcu¬ 
lating the single capacitance equivalent to the separate capacitances, 
and combining these two results as in Art. 13. As the P.D. across 

a capacitance is equal to (Art. 12), the single capacitance (C) 

cuO 

equivalent to a number of capacitances (Cj, Cg, etc.) in series, is 
given by 


I 

C 




Hence the impedance of the whole circuit is equal to 

. Qf resistances)^ -b (sum of reactances —^ ) \> 

^ (dC' ^ 


i.e. the method of Art. 17 can be used but the capacitance reactance.^ 
must be reckoned negative. The current will lag behind the 
P.D. if the total reactance thus obtained is positive. 


Example 8. A circuit consists of a non-inductive coil [A) of 200 ohms 
resistance, a coil [B] of 250 ohms impedance and 150 ohms resistance at 50 
and two condensers of 30 microfarads and 60 microfarads capacitance respec¬ 
tively, all in series. 

Find {a) the total impedance; 

[b] the current with 400 volts 50 applied to the terminals, and the P.D, 
across each part of the circuit; 
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(c) the additional reactance or capacitance required to Irino the current into 
phase with the total P.D. * 

(a) Reactance of coil B = ^^{230- — 130^} = 200 ohms; 

Impedance of A and B in series = V{(2oo -{- 150)2 -j. 200-} 

= V{i22 500 -}- 40 000} 

= 403 ohms. 

Combined capacitance = 14- = 20/xF; 

10® 

total capacitance reactance = x ~o x 20 ~ ohms; 
combined impedance = ^{{200 -f 150)2 -f (200 — 159)2} 

= ^{122 500 -f 1681} 

= 353 ohms. 

( 5 ) Current = |§i = 1-13 amp. 

P.D. across A = 1*13 X 200 = 226 volts. 

P.D. across B — 1-13 x 250= 283 volts. 

[P.D. across A and B in series = 1-13 x 403 — 455 volts, 
i.e. this is a case of partial resonance.] 

I* 13 X 10® 

P.D. across 30 fiF condenser = -- ^ : 120 volts. 

I‘I 3 X 10 ® 

P.D. across 60 condenser = - - -— = 60 volts. 

277 X 50 X 60 

1*13 X 10® 

[P.D. across the two condensers in series =- — -i-i5 x iso 

^ 277 X 50 X 20 

= 180 volts. 

Note that this is the sum of the separate P.D.s across the two condensers, 
these being in phase with each other because they are both 90° behind the 
common current.] 


(c) The capacitance reactance is the smaller of the two and so the current 
will lag behind the total P.D. To bring it into phase the capacitance reactance 
must be brought up to 200 ohms; 


total capacitance — 


10“ 

X 50 X 200 


additional capacitance = i ~ 


15-9 microfarads; 


'JL_JL) 

.15-9 20/ 


= 77-6 microfarads 

connected in series with the rest of the circuit. 


Or;—additional capacitance reactance = 200 -- 159 = 41 ohms; 


additional capacitance = 

^ 277 X 50 X 41 


77-6 microfarads. 


19. Impedances in Parallel 

When two or more impedances are connected in parallel and an 
alternating P.D. applied to the common terminals, the total current 
flowing at any instant is the snm of the separate currents flowing 
at the same instant. But as a rule the effective value of the total 
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current is less than the sum of the effective values of the separate 
currents, owing to these not being in phase with each other. There¬ 
fore :— 

total current = vector sum of separate currents (see Ex. 9). 

This rule applies equally when one or more of the circuits contains 
capacitance (see Art. 12, Ex. 5 (b), for a simple example). As the 
capacitance current leads the P.D. whereas inductive resistance 
takes a lagging current it is possible, with a condenser and an 
inductive resistance in parallel, for one or both of the separate cur¬ 
rents to exceed the total current (see Ex. 10). This is known as 
current resonance, to distinguish it from the [pressure] resonance of 
Art. 14. 

Example 9. A non-inductive coil of 7 ohms vesisiance is connected in 
parallel with an inductive coil of 9 ohms impedance and 5 ohms resista^we at 50 
If a P.D. 0/200 volts 50 is applied to the terminals, find the current in each 
coil and in the mains. 



Current in first coil = = 28-6 A. 

Current in second coil = = 22-2 A. 

The mains current is the vector sum [OB, Fig. 5-25 {b)] of these two; which 
can be obtained graphically, or as follows:— 

The angle of lag (/) of the current in the second coil is given by cos (f> = 
R ' 

~ Hence the power component (AN) of the current in this coil 

Z 9 

= 22-2 X I = 12*3 A. 

And the wattless component (NB) = -^{22'2^ — i2'3q 

= \^{ 34'5 X 9 - 9 } = i8-5 A. 

Hence the total current (OB) = y'fON^ -f BN-} 

= V{( 28-6 H- I2-3)“ -f (i8-5)n 
= 44-9 amperes. 

Example 10. If a condenser of 250 /zF. capacitance is connected in 
parallel with the coils of the above example, calculate 

[a] the total current; 

(b) the total current if the non-inductive coil is removed. 
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(a) Capacitance current = 27 r X 50 x ^ X 200 157 A. 

This leads the P.D. by 90“; 

nett wattless current = 18-5 — 157 

= 2-8 A. lagging; 

total current = ^{(28*6 + 12*3)2 -f (a-S)^} 

=5 41*0 amperes. 

(b) Omitting the current taken by the non-inductive coil:— 

Total current = ^{12*32 -f 2*82} 

= 12-6 amperes. 

This is less than either the capacitance current (i5*7a) or the current in 
the inductive resistance (22*2^) and so is a case of partial current resonance. 

If the capacitance current equals the wattless component of the 
current taken by the inductive resistance (or resistances) in parallel 
with it, the total current is in phase with the P.D. This may be 
termed exact current resonance (cf. Art. 17), although the frequency 
at which this occurs is less than that which gives minimum total 
current, unless the resistance is negligible. When this is the case 
the condition for resonance is = i, as for pressure resonance. 


20. Admittance, Conductance, and Susceptance 

The rule for circuits in parallel may be stated in a form similar 
to that for circuits in series by introducing the quantity called 

Admittance, which is defined as the ratio (It 

V Effective volts / 


is therefore equal to and is equal to the amperes per 

Impedance r r 

volt, just as impedance is equal to the volts per ampere. 

Hence with circuits in parallel:— 

„ . . , Total current 

Total admittance =-- 


Vector sum of separate currents 
Common P.D. 


(see Art. 19) 


= Vector sum of separate admittances, 

the admittances being drawn parallel to the respective current 
vectors just as impedance vectors are drawn parallel to the corre¬ 
sponding P.D.s. 

In finding the vector sum of a number of admittances it is 
convenient to split them into two sets of components respectively 
in phase with, and 90° out of phase with the P.D., just as with the 
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currents in Ex. 9. These components are 
called respectively the conductance and the 
susceptance (see Fig. 5.26). 

Thus;—Conductance (G) 

= Power component of admittance 
= Power component in amperes per volt 
Susceptance (B) 

= Reactive component of admittance 
= Reactive amperes per volt. 

The rule for circuits in parallel may now be written:— 

Total admittance = Vi (Stun of conductances) ^ 

V (Sum of susceptances)^} (see Ex. ii)_ 
The proof of this follows the same lines as that of the similar 
rule for impedances in series (Art. 17). 

With condensers the susceptance (= oC for negligible leakage) 
must be reckoned negative, and the conductance zero. 

Denoting the admittance by Y, the following relations hold 
good:— 

G = Y cos ^ = Y.^ (see Art. ii) 

Ju 

^ I R^ R 
Z Z“Z 2 

_ _R__ 

and B = Y sin ^ = Y 

Li 

_ X 

X 

“ R2 + 

and Y = VG2 -f B\ 

When the reactance is zero, the susceptance is zero too, and the 
conductance is the reciprocal of the resistance just as for continuous 
current. But when there is reactance the conductance is less than 
the reciprocal of the resistance. 

Similarly in the particular case of a circuit of negligible resistance 
the susceptance is the reciprocal of the reactance, but for all other 
cases its value is smaller. 



Fig. 5.26. —Admittance 
Triangle. 
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Example ll. Two coils A and B an connected in parallel and a P.D. of 
300 volts 50 applied to their terminals. Given that at this freqtmicy their 
impedances are 8 ohms and ii ohms respectively, and their resistances 7 ohms 
and 4 ohms respectively, {a) find the currents in each, and the total current and the 
total power factor; {b) find the total current if a condenser of 120 microfarads 
capacitance is connected in parallel. 

(a) Admittance of A = = g = 0*125 

Power factor of A = cos = 0-875 1 


Conductance of A = = Ya cos - 0-125 X 0*875 


or 



2 

64 


= o-iog, 
•109: 


Susceptance of A, 


= -061. 


Similarly;— Yr = ^ = -091 

cos ^ = -364 

G, ■^, = •033 

Bb = V{(- 09 i)^ - (*033)®} 

= *085. 

Total admittance 

= vector sum of admittances (see Fig. 5-27) 
== + ‘033)* + (*o6i + -085)2} 


== -204. 

Total current = P.D. X Total admittance = 300 x -204 

= 61-2 amperes. 

Current in coil A = 300 X -125 = 37*5 = 64*8 A. 

,, B = 300 X -091 = 27*3 A.) 


If <p,. = angle of lag of total current 
behind P.D. 


cos (f>T 


•204 


Note that this lies between cos 
and cos as Fig. 5.27 shows must be 
the case. ^ 

(6) Admittance of condenser = y 
27: X X 120 ,^^3^ 

and this is all susceptance, the conduct¬ 
ance of a condenser being zero; 

.*. total susceptance of circuit = *061 
-f- *085 — *038 = *108; 



Fig. 5.27.— ADMITT.4.NCES IN 
P.\RALLEL. 
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.*. total admittance = ^{(*142)® + (‘loS)^} 

= ‘178; 

total current = 300 x -178 =53-4 amperes, 
which is less than before by 7-8 A., due to the addition of the leading 
condenser current of (300 X *038 =) 11*4 A. 

21. General Case 

Many circuits more complicated than those dealt with can be 
treated by reducing them to simpler equivalent circuits step by 
step, by the use of the methods of Arts. 17 and 18 for series circuits, 
and that of Art, 20 for parallel circuits. The method of Art. 19 
while suf&cient for plain parallel circuits is less suitable than that 
of Art. 20 for the more complicated cases. 

The procedure is best illustrated by an example. 



la) 

Circuit Diagram. Simplified Circuit Diagram 


Fig. 5-28. 

Example 12. A P.D. of 200 volts, 50 is applied to the points A, B, of 
the circuit shown in Fig. 5.28 (a). Find the total current which flows, and the 
P.D.s across AC, CB,AF, FB. 

Conductance of CDB ^ _ 8 

Y 

Susceptance of CDB = ‘ = ‘M? 

Susceptance of CEB = — 277 x 50 x ^ = — -063 

Total susceptance of CB = -147 — -063 = -084; 

Total admittance of CB = V{{-o 8 S )2 + (-084)2} 

■oSS 

And cos ^ for complete circuit CB equals ; 
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equivalent resistance of CB — Z cos A = ~— x 
^ ^ *122 -122 

= 5-9 ohms. 

r G R "1 

^Note that this is equal to ^2* just as G = ^ (see Art. 20). J 


sin 6 for circuit CB = 


*084. 


equivalent reactance of CB = Z sin 6 =-X —- 

^ ^ -122 -122 

= 57 ohms. 

r B X 

Note that this is equal to ^ just as B = ^. J 

Total resistance of circuit ACB = 2 + 5-9 = 7*9 ohms. 

Total reactance of circuit ACB = 6 + 57 = 117 ohms. 

10® 

Reactance of condenser FB = — = — io-6 ohms; 

2:r X 50 X 300 

total reactance of circuit AFB = 12 — io-6 = 1-4 ohms. 

The original circuit has now been reduced to the simpler circuit as shown in 
Fig 5.28 (&) which can be dealt with by either of the methods for parallel 
circuits. 

Conductance of circuit ACB = - • 


Conductance of circuit AFB —^ 

12^ 


•082 


Susceptance of circuit ACB = — ~ 

•010 j 


Susceptance of circuit AFB = ; 


1*4 


Total 

■069; 


Total admittance = -i/{(•122)2 _j_ 

= *140; 

Total current = *140 x 200 = 28-0 amperes. 
Impedance of circuit ACB = ^{(7*9)2 -f (117)®} 
= 14-1 ohms; 

Current in ACB = — = 14-2 A. 

14-1 

Impedance of AC (Fig. 5.28a) 

= = *^'32 ohms; 

P.D. across AC = 14-2 x 6-32 = 90 volts. 

P.D. across CB = 14-2 x 

= 116 volts. 

Impedance of circuit AFB = v''{(^2)- -f (1-4)-} 

= I2-I ohms; 

200 

Current in AFB = --- = i6'5 amp. 

Impedance of AF (Fig. 5-2Sfl) = 

= i7'0 ohms; 



154 


Alternating Currents 


.*. P.D. across AF = 16-5 x 17-0 281 volts. 

P.D. across FB = 16-5 X I0'6 = 175 volts. 

0)L> 

22 Mutual Inductance 

All the above rules hold good only on the assumption that an 
alternating current in one coil sets up no E.M.F. in any of the other 
coils of the circuit. In many cases, however, part of the flux due 
to the current in one coil will interlink with the turns of another 
coil; in such cases any change in the current will induce an E.M.F. 
in the second coil. It follows that a varying current in the second 
coil will produce a varying flux, and therefore an induced E.M.F., 
in the first. Hence this action is called Mutual Induction. 

The amount of the mutual inductance (M) between two coils is 
measured by the volts induced in the second coil by a current in the 
first coil varying at the rate of i ampere per second (cf. Art. 7). 

Alternatively, mutual inductance in henries may be defined as 
equal to (magnetic linkages produced in second coil per ampere in 
first coil) 10®. This can be proved equal to (linkages produced 
in first coil per ampere in second coil) ^ 10®. In other words, the 
mutual inductance of the 2nd coil on the ist = mutual inductance 
of 1st on 2nd. 

If the permeability of the common magnetic circuit is not 
constant M will vary correspondingly, and will depend on the 
values of the currents in both coils. This, however, is only on 
the same lines as the fact that in such cases inductance (L) is 
likewise variable. 

When circuits with mutual inductance are connected in series 
their combined impedance differs from that given by the rule of 
Art. 17. It will be greater or less than this according as the mutual 
inductances act with or against the self-inductances. A fuller 
treatment is given in Vol. II. 

23. Power Measurement by Voltmeters and Ammeters 

A wattmeter (see Chap. VII., Art. 13) is generally used to 
measure the power in an A.C. circuit. But if such an instrument is 
unavailable, or when the conditions make it inaccurate, the power can 
be obtained by readings of voltmeters and ammeters alone. 

The “ three-voltmeter method due to Ayrton and Sumpner* is 
one such method, and the connexions are as shown in Fig. 5.29 (a). 


Proc. Roy. Soc., Vol. XLIX., 1891, p. 424. 
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Tlie load (L) in which the power is to be measured is connected 
in series with an ammeter and a non-inductive resistance (R), e.g. a 
number of glow lamps. By means of two 2-way switches (Ti, Tg) 
one voltmeter can be used to measure the three voltages, \ across 
the load, Vg a-cross the non-inductive resistance, and V3 across the 
two in series. 

It is more accurate to read the three voltages thus on the same 
instrument than to use three separate voltmeters. 

Then the power absorbed by the load 

2V2 

where I = current shown by ammeter; 



Current Diagram. Vector Diagram. 

Fig, 5.29.~Three-Voltmeter Method of Power Measurement. 


and the power supplied to the whole circuit 

The difference between these two expressions == Vo. lo, which is 
the power used in R, since this is non-inductive. 

Proof,—In the vector diagram [Fig, 5.29 (6)] let 0 A represent Vg, in phase 
with the current; and AB represent Vj, leading the current by the angle 
Then OB represents V3 (cf. Art. 17). 

Draw BN perpendicular to the current vector. 

Then power in load = V^I cos = AN . I 
But OB 2 = ON’- F NB 2 (OA -f AN) 2 + NB^ 

= OA 2 + 2OA . AN F AN2 a- 
AN2 H- NB2 = AB2; 

2OA . AN = OB2 - OA 2 - AB-; 


and 
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. , , , 0B2 - 0A2 - AB2 , V32 _ -V,2 

power m load = I.-—-= I. ^-L. 


The total power = V3I cos /. BON = I. ON 




= I. (OA + AN) = I (v^ 


W - 

2V2 


- t V 3^ + V2^ - Vi^ 
/ ~ 2V. 


One drawback of this method is that, since the expression for 
power contains the differences of squares of voltages, small errors 
in the voltmeter readings produce much larger errors in the value 
of the power. The greatest accuracy is obtained when the series 
resistance is chosen so that the “ drop across it is equal to that 
across the load, but even in this case the percentage error may 
easily be five or more times as great as the percentage error of the 
voltmeters.* 

Another disadvantage is that a supply at higher than the normal 
voltage is required, and for accuracy (as stated in previous para- 



Fig. 5.30.— Three-Ammeter Method of Power Measurement. 


graph) the excess must be considerable; 50 per cent, at least, and 
higher for high power factors. 

This latter disadvantage is overcome in the three ammeter 
method ” [see Fig. 5.30 (a)]. 

In this the non-inductive resistance (R) is connected in parallel 
with the load, and the total current supplied is measured as well as 
the currents in both branches. 


Then the power absorbed by the load (L) = V 


2L 


and total power supplied 
where = current in load, 


- V. 


-f y 

2 L 


* See further “ Smali A.C, Power Measurements” (J. T. Unvin), 
Electrician, vol. 70, p. 843. 
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I3 = current in non-inductive resistance, 
and I3 = total current. 

The vector diagram [Fig. 5.30 (6)] shows that the relation between 
the three currents in this case is similar to that between the three 
P.D.s in the 3-voltmeter method. The truth of the above expres¬ 
sions for power can therefore be proved in the same way. 

The disadvantage of the 3-ammeter method compared with the 
3-voltmeter one is that it requires more elaborate switching arrange¬ 
ments to take all three readings on the same ammeter. 

Both methods are independent of frequency; and since R.M.S. 
values depend on the squares of the harmonic components (see 
Vol. II.), they are accurate for all wave-forms. 


QUESTIONS ON CHAPTER V. 


I. Find the form factor of each of the following A.C. waves, the ordinates 
being given at intervals of of a period {i.e. 15®):— 


{a) 0, 2, 

( 6 ) 

(c) I, 2, 

id) 2, 5, 


6, 7, 8. 8, 8, 7, 6, 

I. 3. 5. 7 > 8, 7, 8. 

4. 5 . 6 . 6 , 5, 4, 3, 

8. 9. 7 > 5 , 3. 2, I, 


4> 2, 
7> 5. 
2, I, 
I, 0, 


0, etc. 
3, etc. 

1, etc. 

2, etc. 


2. Plot a sinusoidal wave of amplitude 25, and determine its virtual 
value by squaring ordinates. 

Plot a second wave whose ordinates at intervals of ^ of a period are:— 
4> 9> 15, 20, 24, 25, 24, 20, 15, etc. 

Find its virtual value, its mean value, and its form-factor. 


3. Plot the following alternating current wave:— 

Phase angle 0° 15® 30® 45° 60® 75® 90° 103® 120® 135® 150° 165® 180° 
Amperes .. o i-8 4-2 7-0 9-7 11-2 12-5 12-6 11-5 7*8 4*7 2*1 0 etc. 

Determine its R.M.S. value, and its form and peak factors. 

What are the values of these factors for a sinusoidal wave, and what 
would be the maximum value of such a wave having the same R.M.S. value 
as the one plotted ? 

4. Define the terms " R.M.S. value of an alternating current ” and 

" Phase difference between two alternating currents." Prove that with a sine 
wave shape the R.M.S. value is 0*707 of the crest or maximum value of the 
current, [C. & G., II. 

5. An ammeter in a circuit attached to lOO-volt mains reads 50, and the 

power-factor is 0*5. Assume sine curves and plot the volts and amperes to 
scale showing their proper phase relation. [C. & G., II. 

6. Explain exactly what you mean by the inductance of a coil with an 
iron core [a) when the permeability of the iron is constant, (&) when the iron 
is saturated and the permeability varies for each new value of the flux density. 

[C. & G., II. 

7. A non-inductive coil of 15 ohms resistance is connected in series with 
a coil of 10 ohms reactance and negligible resistance to a 200-volt supply. 

Calculate the current, the P.D. across each coil, and the power-factor of 
the circuit. 
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The frequency is then doubled but the total P.D. is kept at 200 volts. 
Recalculate the above quantities. 

8. A certain choking coil of negligible resistance takes a current of 

8 A. at 100 volts, and 50 A cert^n non-inductive resistance under the 
same conditions carries 10 A. What will the two take when put in series 
on 150 volts at 40 ? 

9. Find the current and power-factor for a circuit having 10 ohms 
resistance, and -oi henry inductance, when supplied from a 200-volt circuit 
at 50 

10. What must be the inductance of a circuit of 400 ohms resistance in 
order that the current may lag 30® in phase behind the E.M.F. when the 
frequency is 100 alternations per sec ? 

11. On a single-phase alternator the voltmeter reads 2120, the ammeter 
reads 285 A., and the wattmeter reads 495 kilowatts. Calculate {a) the 
power-factor, (fe) the resistance of the circuit, (c) the reactance of the circuit. 

12. Calculate the reactance and power-factor in a circuit of 500 ohms 
resistance supplied with alternating current at an E.M.F. of 240 volts, in 
each of the following cases:— 

[a] current = *48 A. 

(&) current *4 A. 

(c) current = *36 A. 

13. The air-gap under the pole of a series motor is 0*06 inch in length, and 

the effective area is 80 sq. in. There are 5 turns of cable round the pole, 
having a resistance of 0-005 obm. Assuming that the reluctance of the iron 
parts of the magnetic circuit is one-fifth of the reluctance af the air-gap, 
calculate the voltage drop in a series coil when 150 amperes R.M.S. at 25 
cycles per second are passing through it. [C. & G., 11 . 

14. Draw on a time base one complete period of a sinusoidal alternating 
voltage, maximum (or peak) value 320 volts, and a sinusoidal current lagging 
^ of a period, peak value 60 amperes. From these draw the watt curve and 
find the mean power. What are the R.M.S. values of the above voltage and 
current ? Calculate the apparent watts, and the ratio of the mean watts to 
the apparent. 

15. Plot the following A.C. voltage and current:— 

Phase angle 0 20 40 60 80 90 roo 120 140 160 180 200 220 

V (volts) 0 92 244 388 470 502 520 464 264 112 0—92 —244 etc. 

i (centiamp) —220 —41 120 369 652 780 875 980 843 544 220 41 —120 etc. 

Draw also the watt curve. Determine the R.M.S. volts and amperes, the 

mean power, power-factor, and angle of lag. 

16. The following are instantaneous values of a current and of the P.D. 
required to drive it through a certain circuit:— 

Phase angle 0° 15® 30® 45® 60® 75® 90° 105° 120° 135° 150® 165® 180® 
Amp. .. -6-3-3-9 ~i-8 o i-8 3-9 6-3 8-7 10-5 ii-i 10-5 8-7 6-3 
Volts .. o 7 50 141 260 361 400 36r 260 141 50 7 o 

Find the R.M.S. values of current and P.D., and the peak-factor of each 
wave. 

Find the mean power supplied to the circuit. 

Compare the cosine of the angle of lag ( 0 ) of the current with the power- 
factor. 

17 Explain the action of a " choking coil ” in cutting down the current 
supplied from an alternating circuit. What advantage does it possess over a 
series resistance for effecting the same purpose ? W'hy is a series resistance 
necessary for this purpose with direct currents ? 
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18. A choking coil is required to cut down an A.C, supply at 230 volts to 
150 volts. For what voltage should it be designed ? 

If the frequency is reduced to half that for which the coil was designed, 
what will be the voltage on the coil and the voltage on the non-inductive 
circuit supplied through it, if the total P.D. is unchanged ? 

19. Calculate the reactance and the impedance of a choking coil of 3 ohms 
resistance, to be used in series with a set of 115-volt lamps taking 6 amperes, 
to enable them to be supplied from A.C. mains at 220 volts. 

Calculate the power-factor of the choking coil and of the whole circuit, and 
compare the power wasted in the coil with that wasted in a non-inductive 
resistance serving the same purpose. 

20. A choking coil is required to give a supply of 14 A. to a non-inductive 
circuit of 10 ohms resistance, from a supply at 200 volts 50 cycles per sec. 
The effective resistance of the choking coil is 1-2 ohms; find its reactance, 
inductance, impedance, and power-factor, and the power-factor of the whole 
circuit. 

21. A choking coil is required to enable 20 iio-volt, 35-watt lamps to be 
supplied at their normal voltage from a 210-volt circuit. Calculate the 
voltage across the coil and its reactance. If six lamps are switched off, to 
what value does the voltage on the rest rise ? Neglect resistance of choking 
coil, and change of resistance of lamps. 

22. Calculate the reactance and impedance of a choking coil of 07 ohm 
resistance, for connexion across iio-volt supply mains in series with a non- 
inductive resistance which is to take 12 amperes at 42 volts. 

If the frequency is halved, find the current which flows, and the P.D. 
across the coil and the non-inductive resistance respectively. 

23. What is the current taken up by a condenser of 3 microfarads capaci¬ 
tance connected to the terminals of a 200-volt alternator giving roo ? 

24. A concentric cable 5 miles long is found to take 2 amperes when 
connected to an alternator giving a pure sine wave of 6 600 volts, frequency 
50. Calculate the capacitance of the cable per mile. 

25. It is desired to connect a single 50-volt 30-watt lamp to iio-volt 
50-cycle mains by means of a condenser. Calculate the capacity of the 
condenser required and the power-factor of the load when the lamp is lighted. 

[C. & G., II. 

26. Calculate the capacitance current of a concentric cable 8 miles long, 
0*27 jliF capacitance per mile, when supplied at 6 600 volts 50 

If a non-inductive load of 40 kilowatts comes onto the cable, what is the 
new value of the cable current ? 

27. Calculate the capacitance current taken by a concentric cable ir miles 
long, 0-31 [iF per mile, when supplied at 6 600 volts 50 

A non-inductive load of 100 kilowatts comes on to the cable. Find the 
total current now taken. 

What difference would it make if the load were inductive ? 

28. A P.D. of 2000 volts, 50 cycles per sec., is applied to test a cable of 

14 jtiF. capacity through a resistance of no ohms. Find the current which 
will be taken from the supply, and the phase difference between the current 
and the impressed P.D. [C. & G., II. 

29. Prove the relation between the capacity, resistance, and inductance 

when resonance is established in an oscillating circuit. A circuit has a 
capacity of 0-003 microfarad and an inductance of o-oi i millihenry. Calculate 
the frequency at which resonance will take place. [C. & G.. 11 . 
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30. A resistance of o-i ohm, an inductance of i henry, and a capacity of 

10-2 microfarads are connected in series and supplied with alternating current 
at 10 volts, 50 cycles. Find the voltage across the inductance and the 
capacity. [C. & G., 11. 

31. A coil of So millihenries inductance and ro ohms resistance is connected 
in series with a condenser of 30 microfarads capacitance. A constant P.D. of 
50 volts is applied to the terminals, and the frequency varied from 50 cycles/sec. 
to 200 cycles/sec. Plot the current against frequency. 

What frequency gives resonance? Calculate for this frequency the 
current, and the P.D.s across the coil and condenser. 

32. What is meant by resonance in an electrical circuit ? A condenser of 
1*5 microfarads capacity and a variable choking coil of 15 ohms resistance are 
connected in series to a 50-cycle loo-volt supply, the wave shape of which has 
a strong third harmonic. What value of the inductance will give resonance 
(a) with the third harmonic, (b) with the fundamental frequency ? 

[C. & G., II. 

33. If coil A has 40 ohms resistance and 50 ohms impedance, and coil B 
has 50 ohms resistance, 130 ohms impedance, find the impedance of the two 
coils in series. What P.D. would be required to send 3 amperes through this 
circuit, and what P.D. will be produced across each coil ? What is the power- 
factor of each coil, and of the two in series ? 

34. A circuit consists of a coil of 250 ohms impedance and 200 ohms 
resistance in series with a condenser of 30 jaF capacitance. If a P.D. of 250 
volts 50 is applied to the terminals, find the current, and the P.D.s across 
each part of the circuit. 

If another condenser of 20 fiF capacitance is connected in series, find the 
new values of the current and of the separate P.D.s. 

35. A coil A has 400 ohms resistance, 400 ohms impedance. 

,, B ,, 200 ,, ,, , 250 „ 

,, C ,, 300 ,, ,, , 500 „ 

Calculate the reactance in each case. 

Find the impedances of A and C in series and of B and C in series. 

What voltage would be required for i ampere through each of these 
circuits ? 

36. Define admittance, conductance, and susceptance. A coil of 10 ohms 
impedance, 6 ohms resistance, is in parallel with a non-inductive coil of 8 
ohms resistance. 

If 200 volts P.D. is applied, find the current in each and the total current. 

What is the admittance of each, and of the two in parallel ? 

37. What is the power-factor of the above circuit ? Find capacitance 
required in parallel with the two coils to bring the p.f. to unity if the frequency 
is 50 What is the current when this is done ? 

38. A current from an alternating current supply at 200 volts and 50 

cycles flows through a number of lamps taking 20 amperes and through an 
inductive coil having a resistance of 5 ohms and an inductance of 0-05 henry. 
Find the total current passing to the two circuits in parallel, and calculate 
the power-factor of the combined circuits. [C. & G., II. 

39. Two coils, one having a resistance of 2 ohms and a self-induction of 
0*015 henry, and the other having a resistance of i ohm and a self-induction 
of o*o8 henry, are arranged in parallel on a loo-volt 50 frequency circuit. 
Find the magnitudes and phases of the currents flowing in each circuit, and 
of the resultant current flowing through the whole system. [C. & G., II. 
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40. A capaxitance of 4 iiF is in parallel with a resistance of 500 ohms 
which takes a current of power-factor = o-866 (so that ^ = 30'). 

Find the capacitance current, the current in the inductive resistance, and 
total current when 1000 volts, 50 cycles per sec., is applied to the terminals. 

41. A circuit of 200 ohms resistance and i henry inductance is connected 
across the terminals of a 10 ooo-volt supply, in parallel with a condenser of 6 
microfarads capacitance. Find the total current taken if the frequency is 
50 


42. A coil of 36 ohms impedance and ii ohms resistance is connected in 
parallel with a non-inductive rheostat whose conductance is varied from zero 
to 0-04 by four equal steps. If a P.D. of 200 volts is applied to the terminals, 
calculate the total current in each case; and plot the current against (a) the 
conductance of the rheostat; (6) the resistance of the rheostat. 

43. A condenser of 8 microfarads capacitance is connected in parallel with 
a coil of 50 ohms resistance and 0*20 henry inductance. Calculate the 
separate currents and the total current when a P.D. of 200 volts at 50 cycles 
per sec. is applied to the terminals. 

Recalculate the currents for a frequency of 100 cycles per sec. 

44. Three circuits A, B, C are connected in parallel and a P.D. of 200 volts 
is applied to the terminals. A is non-inductive and of 12 ohms resistance; 
B is of 5 ohms resistance and 10 ohms reactance; C consists of a non-inductive 
resistance of 6 ohms in series with a condenser which causes the current to 
lead the P.D. by 60°. Find the current in each and the total current. 

45. A resistance of 12 ohms and an inductance of o-i8 henry are in series 

on a 500-volt supply at 40 frequency. Find the current and power-factor. 
What values of resistance and inductance when placed in parallel vdll give 
the same current as the above at the same power-factor ? [El. Tech. 

46. An alternate current circuit includes two sections AB and BC in 

series. The section AB consists of two branches in parallel. The first of 
these is formed of a non-inductive resistance of 60 ohms in series with a 
condenser of 50 microfarads, while the second consists of a resistance of 60 
ohms having an inductance of 250 millihenries. The section BC consists of a 
resistance of 100 ohms having an inductance of 300 millihenries. The fre¬ 
quency of the current is 50 cycles per second. The voltage across the section 
AB is 500. What is the voltage across the section BC ? [El. Tech. 

47. An air-cored choiring coil is subjected to an alternating voltage of 

100. The current taken is o*i ampere, and the power-factor is 0-2, when the 
frequency of the current is 50. Find the capacity of a condenser which, if 
placed in parallel with the coil, will cause the main current to be a minimum. 
What will be the impedance of this parallel combination (a) for currents of 
frequency 50, and {b) for currents of frequency 40 ? [El. Tech. 

48. Give a diagram of the 3-voltmeter method of measuring A.C. power, 
and prove its correctness. 

For what kind of tests is it most useful, and what is its main disadvantage ? 

If the P.D. across the non-inductive resistance is 67 volts, that across the 
inductive resistance 83 volts, and the total P.D. 128 volts, with 37 amperes 
flowing in the circuit; calculate the impedance of the inductive resistance 
and of the whole circuit, and the power used in each. 

49. What is meant by the virtual or R.M.S. value of an alternating current ? 
Explain a method by which the power expended in a circuit not of unity p.f. 
may be found by using three ammeters, a voltmeter and a non-inductive 
resistance (and show that its accuracy is not affected by the wave form of 


E. E., VOL. I. 


II 
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the alternating current). What is the chief drawback to this method of 
measuring power ? [C. & G., II. 

(N.B.—^The portion of the question in brackets requires Vol. II. for its 
elucidation.) 

50. Prove the formula for the power used in a circuit when measured by 
the " three-ammeter method.” State the advantages and disadvantages of 
this method. 

If the readings on the ammeters are 1-35 A. (non-inductive coil), 1-92 A. 
(inductive coil), and 2-84 A. (total), when a P.D. of 215 volts is applied; 
calculate the values of;— 

(<2) the non-inductive resistance; 

{b) the impedances of the inductive resistance and of the whole circuit; 

(c) the power supplied to the inductive resistance. 

51. Two circuits have a mutual inductance of 2 henrys. Assuming that 
all the lines of force induced pass through both circuits, what must be the rate 
of change of current in one in order that the induced E.M.F. in the other may 
be 10 000 volts ? State the units of current and time which you employ. 

[C. & G.. II. 

52. Point out fully the reasons that tests by such a method as the three- 
voltmeter measurement of alternate current power are in general unsatisfactory. 
Show how to deduce from the formula the percentage error in the measurement 
due to a given percentage error in one of the observations. 



CHAPTER VI 

POLYPHASE SYSTEMS 


I. Polyphase Supply 

In the majority of A.C. supply systems there are two or more 
sets of circuits, which may be either completely independent or 
connected at one or more points. The number of sets of circuits is 
nearly always 2 or 3, but in certain special cases 4, 6, or 12 sets of 
circuits are used (see Vol. IL). The P.D.s across each set of circuits 
are of the same frequency and magnitude, but they differ in phase 
by constant amounts. These systems are called respectively two- 
phase, three-phase, four-phase, etc., and are referred to collectively 
as polyphase systems. They have various advantages both in 
generation and in use, and these are outweighed by their disad¬ 
vantages in the case of traction only. 



(fl) Rotating Coils. (6) E.M.F. Graphs. {c) Vector Diagram. 
Fig. 6.01. —^Two-phase Supply. 


2. Two-Phase Supply 

If, instead of a single coil, as in Chap. V., Art. 2, two similar coils 
AA', BB', fixed at right angles to each other, are rotated with con¬ 
stant velocity in a uniform field [see Fig, 6.01 [a]], both the E.M.F.s 
produced in them will be sinusoidal and of the same frequency, 
and of equal maximum (and equal effective) values. But when A 
has reached D, the position of maximum E.M.F., B will be at C, 
and the E.M.F. in BB' is zero. At the moment when B reaches D 
(maximum E.M.F.), A will have arrived at E, giving zero E.M.F. in 
AA'. \Vhen B comes to E (zero E.M.F.) A will be at F, giving 
again maximum E.M.F. in AA', but in the reversed (negative) 
direction, etc. 
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To sum up, BB' reaches any particular position a quarter of a 
revolution later than AA', and so the E.M.F. in BB' passes through 
the same cycle as that of AA', but a quarter of a period later, as 
shown in Fig. 6.01 (i). The vector diagram for the two E.M.F.s, 




(a) Circuit Diagram. (b) Vector Diagram. 

Fig. 6.02.—Two-phase Three-wire System. 

therefore, consists of two lines [OP, OQ in Fig. 6.01 (c)], of equal 
length, and at right angles to each other. 

If the end (A') of one coil is joined to the end (B') of the other, 
then the E.M.F. across the terminals AB (Fig, 6.02) is the vector 
difference of the separate E.M.F.S, and so is (^^2 = ) 1-41 times the 
magnitude of these, and is 45° out of phase with one of them. 



If the currents in the two phases are equal and lag behind (or 
lead) their respective voltages by equal angles, the current in the 
common wire {i.e. that going to A'B') will likewise be 1-41 times the 
current in either of the separate phases, being their vector sum 
(see Fig. 6.02). 
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Example l. In a two-phase intercomiected supply the load on tke leading 
phase is non-inductive, and amounts to 7 amperes, while that on the other phase 
takes a current of 9 amperes, lagging by 30®. 

(a) Find the current in the common wire in magnitude and phase. 

(&) Find this current if the loads are reversed. 

{a) The current in the common wire is the vector sum of the currents in 
the separate phases as shown in Fig. 6.03 (a). 

To find its value resolve I, along Vg and perpendicular to this:— 
Component along Vg = 9 X cos 30° = 7-79 A. 

Component perpendicular to Vj = 9 x sin 30° = 4-50 A.; 
resultant component perpendicular to = 7 ~ 4*50 = 2-50 A.; 
total resultant = V{{2‘5o)^ + (7*79)“} = ^-19 A., 


7*70 

and this lags behind by angle tan-i^^ = tan”^ 3-12 = 72°. 


[b] In this case resolve [Fig. 6.03 (6)] along and perpendicular to VT the 
components being as before, j'jgA. and 4*50A. respectively; 

resultant component perpendicular to = 4-50 -}- 7 = ii‘5o A.; 

A total resultant = + (7*79)®} = I3'9 



AGAINST Time. Di.\gram. 


Fig. 6.04.— ^Three-phase Supply. 


3. Three-Phase Supply 

If three similar coils, AA', BB', CC' [Fig. 6.04 [a)], fixed at equal 
angles of 120° between every pair, are rotated at constant speed in 
a uniform field the E.M.F.s generated will all be sinusoidal, and of 
the same frequency and of equal maximum (and equal effective) 
values. But the E.M.F. of BB' will lag behind that of AA' by J of 
a period, and that of CC' will lag by a further J of a period (f in all), 
or, to put it in another way, the E.M.F. of CC' will lead that of A A' 
by J of a period. The vector diagram, therefore, consists of three 
lines [OP, OQ, OR, Fig. 6.04 (c)] of equal lengths at 120° to one 
another. 
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It should be noted that if the E.M.F. of B'B (instead of BB') is 
considered this leads the E.M.F. of AA' by ^-period (= 6o°), and 
the vector diagram becomes OP, OQ', OR; where OQ' bisects the 
angle POR, and is equal and opposite to OQ. The corresponding 
(E.M.F. time) graph is obtained by reversing the curve for B in 
Fig. 6.04 (d) while leaving those for A and C as they are. 

If the ends of two of the coils are joined together, the magnitude 
of the resultant E.M.F. across the remaining two ends differs 

according to which ends are 
joined. This is unlike the case 
of two-phase supply, in which 
an alteration in the joined end 
of one coil alters the phase 
but not the magnitude of the 
resultant E.M.F. The differing 
magnitudes of the resultant 
E.M.F.s in the three-phase case 
gives rise to two different methods 
of connexion, called respectively 
delta (A) or mesh, and Y or star. 

LEADS 

3 4. Delta Connexion 

If the end A' [Fig. 6.04 (i?)] 
of one coil is joined to the begin¬ 
ning B of another coil, the total 
E.M.F. across the other two 
terminals AB' is the vector sum 
of the separate E.M.F.s. Thus, 
if OP [Fig. 6.05 («)] is the 
vector representing the E.M.F. 
of AA', and OQ the E.M.F. of 
BB', the E.M.F. of AB' is re¬ 
presented by the diagonal OR' 
of the parallelogram OPR'Q. 

Since OP = OQ, OR' bisects the angle POQ, and so is opposite 
in direction to OR, which represents the E.M.F. of CC. Moreover 
POR' is an equiangular triangle, therefore OR' = OP = OR. 

Therefore the E.M.F. of AB' is equal in magnitude and opposite in 
phase to the E.M.F. of CC'. Consequently, if C is joined to B' and 
C' to A (not C to A and C' to B'), the resultant E.M.F. round the 
mesh AA'BB'CC', formed by the three coils, is zero. The P.D.s 
between each pair of leads have the same value [Fig. 6.05 (b)]. 
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If the E.M.F.s are not sinusoidal the 
resultant E.M.F. round the mesh may not be 
jzero, and then a current is circulated round the 
mesh. The circulating E.M.F. always has a 
frequency three times (or a multiple of three 
times) that of the main E.M.F.s (see Ex. 3). 

If the currents in the coils are sinusoidal the 
current in any lead is the vector difference of 
the currents in the two coils to which the lead ^ ^ 

is connected: e.g. the current flowing in lead Currents in A- 
No. I from left to right in Fig. 6.05 ( 5 ) is connexion. 
•equal to the current flowing from B to B' 
minus (vectorially) the current flowing from C to C'. Thus, if OS 
(Fig. 6.06) represents the current in BB' and OT that in CD, then 
TS represents that in lead No. i. And similarly for the currents 
in the other two leads. 

If these currents lag behind their respective voltages by equal 
angles the angle TOS is 120°; and if the phase currents are each 
equal to I amperes, the lead current is equal to 2I sin (^-|-°)° ~ 
173/ amperes, and this is 30® ahead of OS in phase. 

■ Example 2. [a) If the currents in the phases of a delta-connected system are 
(i) 8 amp. in phase with voltage; (ii) 8 amp, lagging 30''; (iii) 10 amp. lagging 
30°; find the current in each lead. 

(6) If the 2nd and srd loads are interchanged, what are the lead currents ? 

(a) Let OP, OQ, OR represent the E.M.F.s of the three phases in Fig. 6.05 [b ). 
Then in Fig. 6.07 (a), OD, OE, OF represent the currents in the three phases. 
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The current in lead No. i is represented by FE, that in No. 2 by DF, and in 
No. 3 by ED. This last is equal to 2 x 8 X sin 

= 2 X 8 X -966 = 15*5 amperes; 

leading OD by 15°. 


Current in lead No. 2 = i" 164 = la-S amperes; 

leading OF by tan“^ 10 = 39°, i,e. leading OR by 9°. 

To find FE resolve OF along and perpendicular to OE; 

/. component along OE = — 10 cos 60° = — 5 A. 
total component of FE along OE = 8-f5 = i3A. 
total component of FE J_ to OE = 10 sin 60° = 8-66 A; 
current in lead No. i = FE = V'{i3*o2 -f 8 - 662 } = 15-6 k. 


leading OE by tan“i = tan“i o-666 = 34®, i,e. leading OQ by 4°. 

(&) Current in lead No. 2 = D'F' — -/(S® S^) = 11-3 A. 

Components of F'E' along OE' = 10 + 8 cos 60° = 14-0 A. 
Components of F'E' perpendicular to OE' = 8 sin 60“ = 6-9 A.; 
current in lead No. i = F'E' = «/{i4-o2 -f- 6-92} = 15-6 A., 

leading OE' by tan-i = tan-^ -493 = 26°, i.e, lagging behind OQ by 4°. 

[Note that the magnitude is the same as in (a), but the phase different.] 
Components of E'D' along OD' = 8 + 10 cos 30° = i6-66 A. 
Components of E'D' perpendicular to OD' = 10 sin 30° = 5 A.; 































Three-Phase Supply—Y 


169 


/. current in lead No. 3 = E'D' = V{(i6-66)- -f 5=} = 17-4 A., 
leading OD' by tan-^ 15.^ ' tan-^ -300 = 17°. 

Example 3. The E.M.F. in each phase of a E-conneciei system, taken at 
intervals of of a period, has the values: —o, 35, 84, 140, 194, 225, 251, 253, 
230, 156, 94, 42, 0, — 35, — 84, etc. Find the resultant E.M.F. acting round 
the mesh. 

The E.M.F.s in the three phases are of a period out of phase with one 
another. The resultant E.M.F. at any instant is the algebraic sum of the 
separate E.M.F.s at that instant. Hence:— 

Phase No. I o 35 84 140 194 225 251 253 230 etc. volts. 

Phase No. 2 230 156 94 42 o —35—84—140—194 etc. volts. 

Phase No. 3—194—225—251—253—230—156—94 —42 o etc. volts. 
Resultant 36 —34 —73 —71 —36 34 73 71 36 etc. volts. 

The above gives a complete period of the resultant E.M.F. since the figures 
to be added repeat their former values, except that they occur in different 
phases. Thus the frequency of 
the resultant is three times that 
of the phase voltages. 

The E.M.F.s are plotted in 
Fig. 6.08. The ordinate of the 
resultant E.M.F. at any point is 
the sum of the ordinates of the 
phase voltages, due regard being 
given to whether these are posi¬ 
tive or negative. 

5. Y-Connexion 

If the end A' of one coil 
[Fig. 6.04 (a)] is joined to 
the end B' of another coil, 

the total E.M.F. across the (a) Vector Diagram; 

two terminals AB is the 
vector difference of the 
separate E.M.F.s (instead of 
the sum as in A-connexion, 

Art. 4). Thus if as before 
OP represents the E.M.F. of 
AA' and OQ that of BB' 
then QP [Fig. 6.09 {a)] re¬ 
presents that of AB. Simi¬ 
larly if the end C' of the 
third coil is joined to the 
ends of the other two the w 

E.M.F. of CA is given by (6) Circuit Diagram. 

PR, and that of BC by RQ. 5 og—^Y -connected Three-phase 

These three E.M.F.s are System. 
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equal and are 120° out of phase with each other, i.e. they form a 
3-phase system just as the original E.M.F.s do. 

But it follows from Fig. 6.09 {a) (just as for the currents in 
A-connexion, Fig. 6.06) that the E.M.F. across any pair of terminals 
is (-y/ 3 =) 173 times the E.M.F. of any one coil. Moreover the 
three terminal E.M.F.s are 30° out of phase with the three coil 
E.M.F.s. The common point A'B'C' is called the star point (or 
neutral point). 

The current in each line is the same as that in the coil to which 
it is connected. Since there is no other lead to the star point the 
vector sum of the three currents (reckoned positive when flowing 
towards the star point) must be zero. This condition is satisfied 
when the currents are equal and lag behind the corresponding 
voltages by equal angles, as the current vectors then form the sides 
of an equilateral triangle. 

Example 4. Find the current in the third, phase of a Y-connected system 
when the currents in the other two phases are '.— 

[а] 8 A. in phase, 8 A. lagging 40®, 

(б) 8 A. lagging 40®, 8 A. in phase. 

(c) 8 A. lagging 40®, 10 A. lagging 40°. 

[d] 8 A. lagging 10®, 10 A. lagging 40°. 

In Fig, 6.10 let OP, OQ, OR represent the voltages of the three phases; 
{AO the current in phase No. i [AA' in Fig. 6.09 ( 5 )] and OB that in phase No, 2 
(BBT Then OC is the vector sum of these two currents, and so the current 
in phase No. 3 is given by CO, or by OC' where COC' is a straight line and 
OC' -= CO. 

(a) L AOB = 160°; L OAC 20® 

current in phase No. 3 CO = 2 x 8 sin — 2-8 A. 

Z. AOC = 80®; AOC' = 100®; 

OC' lags 20° behind its E.M.F. (OR). 

{b) L AOB = 80®; Z OAC = 100°; 

current in phase No. 3 = 2 X 8 sin 50° = 12-3 A. 

Z AOC = 40°; ZPOC = 8o®; Z POC'= 100®; 

CC' lags 20® behind its E.M.F. 

(N.B.—^With two currents equal in magnitude the angle of lag of the 
third is always the mean of the angles of lag of the other two.) 

(c) Z AOB = 120®; .*. Z OAC = 60°. 

Component of OC along OA = 8 — 10 cos 60° = 8 — 5 = 3 A. 

Component of OC perpendicular to OA = 10 sin 60° = 8-66 A.; 
magnitude of OC = ^{32 + 8-66^ = 9-2 A. 

AOC = tan”i ^ tan"i 2-89 =71*' 
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Fig. 6.10 .—Currents in Unbalanced Y-connected System. 


Z. POC = iii°; Z POC' = 69°; 

current lags 51° behind its E.M.F. 

(Note that this differs from the angle of lag of the other two.) 

(i?) Z AOB = 150°; Z OAC = 30®. 

Component of OC along OA = 8 — 10 cos 30° = 8 — 8*66 = — o*66 A. 
Component of OC perpendicular to OA = 10 sin 30° = 5 A.; 

/. magnitude of OC = V{ 5 " + (0-66)2} = 5-0 A. 

Z AOC = tan-i-= tan-^ — 7-58® =98°; 

108®; A Z 
current lags 48® behind its E.M.F. 

6 . Power in Polyphase Circuits 

In a two-phase circuit the mean total power is (Vilj cos -f- 
V2I2 cos ^2)- When, as usual, the two voltages are equal this 
simplifies to V (Ij cos +12 cos ^2)- With balanced loads = Ig 
and cos — cos ^2> therefore the power is 2VI cos 6 . There are 
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other methods of expressing the total power when the two phases 
are inter-connected, but these are of little utility. 

Similarly in a three-phase circuit the mean total power is 
Vili cos 9&1 -f V2I2 cos ^2 + V3I3 cos ^3, which becomes 
V (Ii cos H- I2 cos 02 + I3 cos 03 ) if the voltages are equal, and 
3VI cos 0 if the loads are balanced. 

If the three phases are connected together either A orY, so that 
there are only three mains, the total power for either balanced or 


MAINS 



{ a ) A-connected. 



T, 3 

[b) Y-connected. 

Fig. 6.11 .—Power in Three-phase Circuits. 


unbalanced loads is equal to (Vi'Ii' cos 0/ + Vg'Ig' cos 03^) 
where = potential of main No. i above main No. 2, 

Ij- = current in main No. i, 

0i' = phase difference between Y^' and I^', 
and V3' = potential of main No. 3 above main No. 2, 

I3' = current in main No. 3, 

03' = phase difference between V3' and I3' (see Fig. 6.11). 

The proof of the above expression for the case of a A-connected 
load, i.e. a system receiving power, is as follows:—Let be 
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the instantaneous values of the currents in the three phases of the 
load, reckoned positive when flowing anti-clockwise round the mesh; 
and V2, the instantaneous values of the corresponding voltages 
[see Fig. 6.11 (£?)]. And let i/, be the instantaneous values of 
the currents in the mains, reckoned positive when flowing towards 
the load. 

Then zY = ^ — 4, and i^' — ii — zY 

and -f + 5^3 = 0 2Lt every instant; 

= - (»i + 1/3). 

Thus, the instantaneous value of the total power 

= Vi + % + % 

■ = +1^3)4 + Vs 

= ®8{4-4)+%(h-«2) 

= - Vi' + »i4'- 

But in this case — is the potential of main No. i above main 
No. 2, and + v-^ is the potential of main No. 3 above main No. 2. 

Therefore Vi'Ii' cos <f)i V3T3' cos ^3' = mean value of total 
power. 

Note that this proof holds good whatever the wave forms of the 
voltages and currents. 

The same proof holds good for a source of power, e.g. an A.C. 
generator. The only difference is that the currents in the mains 
must be reckoned positive when flowing away from the source. 
It gives the power delivered by the source to the external circuit 
and does not include internal losses. 

A similar proof can be given for a Y-connected system. In this 
case the fact upon which the proof depends is that if z^, ^ are 

the instantaneous values of the currents in the three arms of the 
Y (and in the mains), reckoned positive when flowing inwards 
towards the star point, then their sum (Y 4 -f 4) is zero at every 
instant see [Fig. 6.11 ( 5 )]. ■ 

7. Constancy of Power in Balanced Poljphase Circuits 

In a monophase circuit the power varies between a maximum 
and a minimum, and (except in the special case of voltage and 
current being in phase) this minimum is negative. Consequently 
the maximum is more than double the average power. 

In a polyphase circuit the negative portions of the power waves 
will occur at diflerent times in the different phases, and so the total 
power usually will not reverse even with unbalanced loads. In any 
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case the variation of power will be reduced by the time differences 
between the phases. 

If the load is balanced the total power becomes constant with 
sinusoidal waves of voltage and current. 

It has been shown (Chap. V., Art. 9) that the power in a mono¬ 
phase circuit is given by:— 

VI {cos <!> — cos ( 2 (x)t -f (j))}, 
the graph of which is OABCDEFGH iii Fig. 6.12. 

In a two-phase circuit with balanced loads the power in the 
second phase is given by the same graph shifted J-period (90°), 
viz. KMNPQRSTU in Fig. 6.12. 

Since the power wave goes through two cycles in a period of the 
voltage its maximum and minimum (greatest negative) values are 
90° apart. Hence the maximum of the power in either phase 



coincides with the minimum in the other phase, and the increase of 
power in one phase occurs during the same interval as the decrease 
in the other. 

That the increase and decrease are always exactly at the same 
rate can be seen by noting that the graphs are sinusoidal (but with 
their middle lines above the time axis) and of the same amplitude. 

This can be proved by writing the expression for power in the 
second phase, which is— 

VI |cos 9^ — cos d: “ + 

= VI (cos (j) -f cos {2ct)t d- ^)}. 

Adding the expressions for the power in the separate phases the 
total power is seen to be 2VI cos ^ at every instant, the two variable 
terms cancelling each other out. 
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Similarly, in a balanced three-phase load the total power is 
constantly equal to 3VI cos the sum of the three variable terms 
being always zero. Whether Y or delta connexion is used, this 
equals cos where and refer to line values. 


8. Resistance and Reactance of a Three-Phase System 

In a Y-connected system with similar phases the resistance per 
phase is evidently half the resistance measured between any pair 
of terminals. Since the line and phase currents are equal, the total 
resistance loss, denoting line amperes by I 

Ri = resistance between terminals in ohms. 

Since the power is given by V300s <t>, the quantity ^3!^ may 
be called the equivalent current.” Thus:— 

resistance loss = (equivalent current) ^ x resistance 

2 

In a A-connected system there are between any pair of terminals 
two paths in parallel, one through a single phase of resistance R, 
and the other through two phases in series of total resistance 2R. 

Whence R, = |r. 

The current per phase = ^ X line current = ihJ 
V3 ^3 

total resistance loss = S-^iy.R watts 


— Ij^^R watts 
= Il^IR* watts 


= (equivalent current) ^ X 


terminal resistance 

2 


i.e. the same expression as above. 

Thus it is unnecessary to know whether the system is Y- or 
A-connected in obtaining the resistance loss, and in both cases half 
the resistance between terminals may be taken for the purpose of 
this calculation. 

Since the laws connecting the combination of reactances are the 
same as for resistances a similar method may be adopted in obtaining 
the combined reactance of balanced three-phase systems. 
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And, finally, the same method can be used for impedances, 
always assuming that the three phases are similar. 

9. Capacitance of Three-Phase Cables 

In a multicore cable the capacitances between each pair of cores 
and the capacitances between each core and the sheath of the cable 
have to be taken into account in calculating the capacitance current 
taken by the cable. The usual case is that of a three-phase three- 
core cable with cores of the same size and arranged symmetrically. 

In this case the three capacitances between different pairs of 
cores will all have the same value, say C. Similarly, the three 
capacitances between a core and the sheath will aU have the same 
value, say S. These two, C and S, will not be equal; S is usually 
in the neighbourhood of three times C. 

If it is desired to find the values of C and S separately for a 
cable, at least two tests are necessary, and more may be employed 
as a check of accuracy. For instance, if the capacitance is measured 
between the three cores connected together and the sheath, this 
gives three capacitances of value S in parallel. Thus by dividing 
the result by three the value of S is obtained. The value of C 
cannot be obtained by direct measurement, but by measuring the 
capacitance with different connexions the value of C can be 
calculated from the known value of S. 

There are many ways of making this second test,* but the 
following is the simplest to calculate. Connect two of the cores to 
the sheath and measure the capacitance between these and the third. 
This gives three capacitances in parallel, two of value C and one 
value S, i.e. a total capacitance of (2C -j- S), see Fig. 6.13 {a), from 
which C can be found when S is known. 

For example, if the test between the three cores and the sheath 
gives a capacitance of 0-528 (jF per mile, the value of S is 0*176 [F 
per mile. If the second test gives 0*304 fiF per mile, the value of 
C must then be 0-064 iF per mile. 

When the values of C and S are known the capacitance current 
taken by the cable in service can be calculated as follows. In the 
vector diagram [Fig. 6.13 ( 5 )] OA, OB, and OC are three lines of equal 
lengths at 120° representing the P.D.s between the cores and the 
sheath, of R.M.S. value V'. The current in the capacitance S 
between core No. i and the sheath is represented by OD at right 
angles to OA, and of R.M.S. value cjS 

* See “ The Inter-relation of Capacity in Three-phase Three-core Cables,” 
by A. B. Clark, EL Rev., Vol. 70, p. 532; and ihid., by W. T. Maccall, p. 996. 
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The P.D, of core No. i above core No. 2 is given by BA, or by 
OE equal and parallel to BA, and its R.M.S, value, V, is V3 times 
V'. The current flowing by core No. i to capacitance C between 
it and core No. 2 is, therefore, given by OF at right angles to OE, 
and its R.M.S. value is ojCV, or VscoCV. 

Similarly, the P.D. of core No. i above core No. 3 is given by 
CA or OG. The current flowing by core No. i into the capacitance 
C between it and core No. 3 is given by OH, at right angles to OG 
and of the same length as OF. 

The angle EOG is 60°, therefore the angle FOH is 60®. Hence 
the vector sum, OK, of the two core-capacitance currents, OF, OH, 
is V3 times OF, and so its R.M.S. value is VflwCV, or 3a)CV'. 
Moreover since OK bisects the angle FOH, the angle AOK is 
(60° -f 30°), i.e. a right angle. Hence OK and OD are in phase, 



Fig. 6,13 .—Capacitance Current of 3-core 3-phase Cable. 


and the total capacitance current in core No. r is the arithmetical 
sum of OK and OD. Thus its R.M.S. value is uM' (S -f 3C) or 
<jt)Y (S -f 3C) IV3. Hence the equivalent ” capacitance current 
(see Art. 8) is cjV (S 3C). 

The value of the capacitance current can be obtained from a 
single measurement of the capacitance of the cable. For if the 
capacitance is measured between two cores, e.g. Nos. i and 2, there 
are three capacitance paths in parallel. These consist of (a) the 
capacitance C between No. i and No. 2; (6) two capacitances 
C in series, viz. those between Nos. i and 3 and between Nos. 3 and 
2, giving a combined capacitance of |C; (c) two capacitances S in 
series, viz. those between No. i and the sheath and between this 
and No. 2, giving a combined capacitance of p. The total capaci¬ 
tance measured is, therefore, JS -j- iJC, i.e. i (S -}- 3C). 
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If the capacitance measured in this way is denoted by C', the 
equivalent monophase capacitance is 2C', i.e. (S -]-3C). In other 
words, the equivalent " capacitance current is the same as would 
flow in a capacitance of double the measured value, if a voltage 
equal to the P.D. between cores and of the same frequency were 
applied to this capacitance. 

If the capacitance is measured between one core and the other 
two cores connected together, there are two capacitances C in 
parallel with a third path. This consists of two capacitances S in 
parallel with each other and in series with a third capacitance S, 
giving a combined capacitance of 2S/3. The total capacitance is, 
therefore, 2S/3 -}- 2C, i.e, 2 (S + 3Q/3- Thus one and a half times 
the capacitance measured in this last way gives the equivalent 
monophase capacitance. 


QUESTIONS ON CHAPTER VI. 

1. In a two-phase system with a common return the P.D. between the 
mains of one phase is 3 300 volts. Find the P.D. between the outer mains. 

If the current in one phase is 60 A., and the current in the other 
phase is 80 A;, calculate the current in the common return, 

{a) if both currents are in phase with their P.D.s; 

[b) if the 60 A. current lags 45*. 

Does it make any difference to the answers if the loads on the two mains 
are interchanged ? 

2. A mesh is made up of three non-inductive resistances having values of 
1-2 ohms, i-o ohm, and o-S ohm respectively. If three-phase P.D.s of 250 
volts are applied to the corners of the mesh calculate the currents in the 
resistances and in the lines. 

If the resistances were inductive would the magnitudes of the currents 
he altered ? 

3. If the 1 ohm resistance in question No. 2 is replaced by a i ohm 
impedance of o*6 ohm resistance, find the currents in each line for both orders 
of phase sequence. 

4. Draw an E.M.F. wave with ordinates at 15° intervals of;—0, 40, 80, 
120, 150, 170, 180, 170, 150, 120, etc. 

Plot two other similar waves of a period out of phase with the first. 
Plot the sum of the three waves. 

How does this show the inadvisability of connecting three-phase alternators 
in delta ? 


5. Plot the following alternating voltage 
Phase angle .. 

Volts .. .. 

Phase angle .. 

Volts .. .. 


0 

15 

30 

45 

60 

75 

0 

84 

188 

.312 

460 

506 

105 


120 

135 

150 

165 

450 


388 

280 

168 

70 


Plot a similar wave J period out of phase with this, and a 
to the sum of the two. 


90 degrees 
502 

180 degrees 
o etc. 

third wave equal 
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Determine the R.M.S. ■values and the form factors of each wave, and the 
ratio of the R.M.S. values of the first and third waves. What would be the 
values of this ratio and of the form factors if the -waves were sinusoidal ? 


6. Plot the following alternating voltage:— 


Phase angle .. 

0 

15 30 

45 

60 

75 

90 105 

Volts 

0 35 S4 

140 

194 

2-25 

251 253 

Phase angle .. 

120 

135 

150 

165 

180 

195 degrees 

Volts .. .. 

230 

156 

94 

42 

0 

- 35 etc. 


Plot a similar wave ^ of a period out of phase with this, and a third wave 
representing the difference between the two. 

Determine the R.M.S. value and the form and peak factors of each wave; 
and the ratio of the R.M.S. values of the first and third waves. Wffiat would 
be the value of this ratio and of the form and peak factors for sine waves ? 

7. Plot the following alternating voltage:— 

Phase angle .. o 15 30 45 60 75 90 105 degrees 

Volts .. .. o 56 106 150 170 180 182 180 etc. 

each half of the wave being symmetrical. 

Find its R.M.S. value, and form and peak factors. What would be the 
values of all these for a sinusoidal wave of the same amplitude ? 

Plot two other similar waves differing in phase by | period and plot the 
sum of the three. What would this sum be for sinusoidal waves ? 


8. Plot the following voltage wave:— 


Phase angle .. 0 20 

35 

50 

65 

80 

100 degrees 

Volts .. 

.,0 92 

200 

316 

410 

470 

520 

Phase angle .. 120 

130 

140 

150 

165 

180 degrees 

Volts .. 

.. 464 

362 

264 

183 

78 

0 etc. 


Plot a second, wave equal to this but lagging | of a period, and a third 
wave equal to the difference between the two. 

Determine the R.M.S. values and the form and peak factors of each wave, 
and the ratio of the R.M.S, values of the first and third waves. 

What would the value of this ratio be if the waves were sinusoidal ? 

9. Find the current in the third phase of a Y-connected circuit when the 
currents in the other two phases are:— 

Phase I. (a) 10 A. lagging 30°, (6) 10 A. lagging 30°, (c) 14 A. lagging 60°. 

Phase 11 . (a) 14 A. lagging 30°, (6) 14 A. lagging 60°, (c) 10 A. lagging 30°. 

10. Deduce an expression for the power in a single-phase alternating 

current circuit in which a phase difference exists between voltage and current, 
and give the power in a three-phase circuit with balanced load in terms of the 
line voltage and current. [C. & G., II. 

11. Find the horse-power transmitted by a three-phase overhead system 
with 10 000 volts between the lines, a current of 350 amperes in each of the 
three lines, and a power-factor of -8. 

12. If the resistance between terminals of a balanced three-phase load is 
3*7 ohms and the current in each line is 120 A., find the total resistance loss. 

What is the resistance of each phase if the connexions are (a) A, (&) Y ? 

If 125 kVA. are supplied, what are the ^ues of the impedance and the 
reactance between terminals ? 
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13. A three-phase alternator is joined up to an unloaded lead-sheathed 
cable, having its cores symmetrically arranged in regard to the sheath. Show 
by a vector diagram the exact phase relationship of the line voltages, the 
currents between core and core, and the currents between core and sheath. 
The alternator windings and the cable cores are all insulated, but the lead 
sheath is well earthed. 

14. The capacitances per mile of a three-phase cable are 0-63 juF between 
the three cores bunched and the sheath, and 0*37 ftF between one core and the 
other two connected to the sheath. Calculate the capacitance current per 
phase of 8 miles of this cable when supplied at 6 300 volts, 50 

What would have been the result in the second capacitance test if the 
cores had not been connected to the sheath ? 

15. The capacitance of a three-core cable is found to be 2*4 juF between 
two of the cores. 

Find the capacitance current when supplied with three-phase current; 
2 200 volts between lines, 50 /^, 



CHAPTER VTI 

MEASURING INSTRUMENTS 


I. Classification 

Ammeters (or ampere-meters) are, as their name implies, 
instruments for measuring electric currents in amperes. Current 
measuring instruments in general may be classified according to the 
effect utilised in obtaining the measurement. Those used for 
direct currents are shown in the appended table. In every case 
the action depends on an electromagnetic effect of the current. 


I Fixed Portion 

Moving Portion 

Name of Class 

(a) 

CoU .. 

Magnet 

Moving magnet 

(6) 


Soft iron 

Moving iron, or attraction 

(C) 


Two pieces of soft iron 

Repulsion, or moving iron 

(d) 

Magnet 

Coil 

Moving coil 

m 

Coil .. 

Coil ! 

Dynamometer 


The first class includes various galvanometers, the tangent, 
Thomson, and Broca, but this method is not employed in ammeters. 

In addition to the above, hot wireammeters may be used 
for D.C. but are used chiefly for A.C. measurement. Current is 
measured in these instruments by the expansion of a wire which is 
heated by the current passing through it. A further class is the 
induction " tvpe, which is electromagnetic but can be used only 
for A.C. (seeVoi. IT).- 

All classes of current-measuring instruments can be used for 
measuring p.d., i.e. as voltmeters, by suitable modifications (see 
Art. 5). 

2 . Zero and Deflexional Instruments 

In some standard and laboratory instruments the reading is 
obtained by bringing the moving coil or iron back to its original 
position. The force required to effect this is measured by a spring 
or weight. Such instruments are known as zero or mdl instruments. 
An example is the Kelvin Ampere Balance (Chapter II., Art. 6). 
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In aU instruments for ordinary use the force due to the current 
alters the position of the moving parts until it is balanced by an 
opposing force (see Art. 3) caused by the change of position. The 
magnitude of the current is then obtained by observing the amount 
of the change of position. Consequently such instruments may be 
distinguished by the name deflexional. 

The advantage of the latter type is that readings can be 
obtained immediately, without any time spent in bringing the 
moving parts to the correct position. On the other hand, for 
standard purposes the uniform relative position of the fixed and 
movable parts of the zero type has advantages. 


3. ControHing Force in Instruments 

The controUing force is the force which balances the deflecting 
force due to the electromagnetic action of the current. In deflex- 



Fig. 7.01 .—Gravity Control. 



TROLLING Force and 
Angular Deflexion. 


ional instruments the controlling force is exerted either by the 
weight of the moving parts {gravity control), or by one or more 
springs {spring control). 

In gravity control there are usually two weights adjustable along 
screw-threaded pins (see Fig. 7.01). Of these one, A, is to counter¬ 
balance the weight of the pointer P and other moving parts, i.e. to 
bring the centre of gravity into the axis or else into the vertical 
plane through the axis. The other, B, does not affect the zero 
position at all, but its position affects the controlling torque, to 
increase which B must be lowered. 

The torque in all cases of gravity control varies as the sine of the 
angle of deflexion, being equal to 

W X BN = W X OB sin BOA (in Fig. 7.02), 
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where W = weight of moving parts, A is zero position of their 
C.G., B its new position, and BN is X to OA. 

Thus the torque increases rapidly at first and more slowly as 
the angle of deflexion approaches 90°. 

With spring control, on the other hand, the torque varies directly 
as the angle. A comparison between the two is shown in Fk 7 03 
for two instruments with the same torque at a M scale deflexion 

of 80°. 

The sprmg control gives a smaller controlling torque at all other 
angles, or, in other words, a larger deflexion for all currents below 
the maximum; this results in a more satisfactory scale, especiallv 
for very low read¬ 


ings (see also Art. 
8). Again, with 
spring control 
“ set-up zeros 
can be used, ie. 
the first reading 
on the scale may 
be (say) I of the 
maximum, thus 
givingavery open 
scale over the 
working range. 

A further ad¬ 
vantage of spring 
control is that 
levelling of the 
instrument is un¬ 
necessary if the 



Fig- y-OS'—COMPARlSON OF GRAVITY AND SPRING 

Control. 


moving parts are balanced. In moving coil (Art. 9) and d}mamo- 
meter (Art. 10) instruments the springs also serve as current 
leads for the moving coil. 

Their main disadvantages are hability to change with time, and 
sometimes a failure to restore the pointer to zero after a prolonged 
large deflexion. This latter fault is due to overstressing of the 
material of the spring, and can be avoided by proper design. 


4. Damping 

When current is switched on or changed rapidly the pointer of 
an ammeter tends to overshoot the mark, owing to the momentum 
of the moving parts. If the electromagnetic and controlling forces 
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(gravity or spring) alone act it will then oscillate about its position 
of rest for a long time before coining to rest, and if the current 
changes frequently it may be impossible to get any accurate 
readings. To avoid this trouble all except the cheapest class of 
instruments are damped. 

The term “ dampingdenotes the application of a force which 
acts only when the pointer is moving, and always opposes the 
motion. The position of the pointer when stationary is therefore 
not affected by damping, but the time taken to become stationary 
is diminished. If the damping is just sufficient to prevent any 
overshooting of the final position the instrument is strictly dead¬ 
beat,’' but the term is usually applied to one which makes only one 
or two oscillations before settling down. 

The methods employed for damping are— 

{a) By liquid friction, glycerine or oil being used generally, for 
example see Art. 12. 

(6) By air friction, see Art. 7. 

(c) By eddy currents, see Art. 9. 

The British Standards Institution requirements for damping are 
as foUow (see B.S.S., No. 89)A quantity corresponding to the 
mean of the maximum and minimum scale values [i.e. normally 
half the maximum, the exception being instruments with “ set-up ” 
zeros. Art. 3) is appHed to or passed through the instrument when 
the pointer is standing at zero. The ampKtude of oscillation of the 
pointer shall not exceed 2 per cent, of maximum scale value after 
a certain period. For moving coil instruments this period is 2 sec. 
for scale lengths of 6 in. or less, and is increased by steps up to 6 
sec. for scale lengths of 15 in. to 18 in. For moving iron or dyna¬ 
mometer instruments the period allowed is about 50 per cent, longer. 

5. Use of Ammeter as Voltmeter 

Since volts are equal to the product of amperes and ohms they 
may be measured by using an ammeter, in series with a known 
resistance, connected to the two points the P.D. between w^hich is 
to be determined. 

The methods of connexion for measuring current and voltage 
respectively are shown in Fig. 7.04, G being the instrument in each 
case. 

All voltmeters act on this principle, with the exception of electro¬ 
static ones, which are used mainly for alternating pressures. The 
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reading is not taken in amperes and then multiplied by the resistance, 
but the scale is marked so as to read volts directly. 

A voltmeter can be given two or more ranges by using a sub¬ 
divided resistance (see Example i). 

The total resistance of a voltmeter should be high so as to- 
diminish the power absorbed by it. For power in watts = El = 
the power wasted for a given voltage varies inversely as 
the resistance. 

For similar instruments the resistance is usually increased in 
proportion to the maximum voltage, consequently the power wasted 
increases in the same proportion. 

The resistance of an ammeter, on the contrary, should be low, 
so as to diminish the “ drop (of volts) across it and the power 
wasted. For the latter is PR watts, i.e. for a given current it 
varies directly as the resistance. 

Example l. A milUammetef of 2 ohms resistance which gives its full 
scale deflexion with 150 miUiamperes is to he used as a voltmeter (a) reading up 
to 3 volts, (b) reading up to 1 50 volts. 

Find the necessary resistances, and the power absorbed in each case. 



{a) Ammeter. (&) Voltmeter. 

Fig. 7.04— Connexions of Instrument for Current and 
Voltage Measurements. 

TT, Supply terminaJs. 

(а) 3 volts must send 0-15 amp. through the instrument; 

total resistance 20 ohms; 

0-15 

resistance in series with instrument = 20 — 2 = 18 ohms. 

(б) Total resistance = = 1000 ohms; 

^ ' 0-15 

series resistance = 1000 — 2 = 998 ohms. 

In each case the current at full scale reading is 0*15 amp.; 

in case (a) power absorbed = 3 X 0-15 = 0-45 watt. 

In case (6) „ „ = 150 X 0-15 = 22-5 watts. 

6 . Shunts 

\Vhen large cun*ents have to be measured only a portion is sent 
through the working coil, the remainder being carried by a shunt, 
i.e. a low resistance in parallel with the instrument. 
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The multiplying power 
of a shunt is the ratio of 
the total current to the in¬ 
strument current. 

Let = instrument cur¬ 
rent in amperes. Ig = shunt 
current in amperes. I = 

Fig. 7 .o5.-Conni3!ions or Shunted in amperes. 

Ammeter ^ * — rcsistfl-iics of mstni'* 

A, Ammeter. nioit in ohms. S = resist- 

ance of shunt in ohms. 

The (voltage) drop across instrument == drop across shunt, 

IiG = IgS 

T T G. 

or I2 — X "g’ 



or multiplying power of shunt = —= —^— = i -h 

il O o 

Q 

e,g. for a multiplying power of 10 the value of -g- must be 9, or the 

shunt resistance is | of instrument resistance. Or, generally, for a 

G 

multiplying power, m, the shunt must have a resistance = ^ 



Fig. 7.06. —.Ammeter Shunts. 
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Ammeter shunts are constructed of one or more strips of thin 
sheet-metal (about -02 in. thick), either manganin or constantan. 
These are soldered into end-blocks of copper or brass arranged to 
be clamped to the main conductors (see Fig. 7.06). Usually the 
ammeter leads are connected to the end-blocks, but they are some¬ 
times attached to the sheet-metal. Constantan is easier to solder 
but has a rather high thermo-E.M.F. with copper {*0037 volt per 
100° C.). If there is any difference of temperature between the two 
shunt end-blocks this will affect the readings of the ammeter. 

Another error is due to the change of resistance with temperature 
of the instrument affecting the multiplying powder of the shunt. 
This is diminished by connecting in series with the copper working 
coil a resistance made of an alloy with a small temperature coefficient. 



PI 



E 

=»i 


{ b ) Side view. 


Fig. 7.07. —^Moving Iron Ammeter with Air Damping. 


A', Position of A with full current flowing. D, cylinder closed at upper end only. 
E E, Pivots. 


The “ drop ” across the ammeter is thus increased, so this method 
of correction cannot be carried far. 

It has been suggested that the shunt might be made of copper, 
too, so as to have the same percentage increase of resistance as the 
ammeter, but this would be correct only if the temperature of the 
two changed together and equally, which is often not the case. 

7. Moving Iron Instruments 

The usual pattern of the attraction division of this class is shown 
in Fig. 7.07. The moving iron consists of a flat disc, A, piv^oted at 
a point outside a fiat coil, B. When the current passes through 
the coil, A is attracted into it and so moves the pointer P over the 
scale. The control may be gravuty (as shown) or spring (Art. 3). 
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The damping is by means of a circular piston, C, which moves 
inside the curved cylinder D without touching it at all This 
device was first used by Messrs. Siemens and Halske. 

The repulsion type, as made by Nalder Bros. & Thompson, is 
shown in Fig. 7.08. The current is sent through a coil A, inside 
which are two cylindrical pieces of iron, one (B) fixed, the other 
(C) attached to the pointer. When current passes, B and C are 
magnetised similarly and therefore repel each other, thus moving 
the pointer P across the scale. The control may be by gravity or 
spring. Damping is by means of an air piston. 



Fig, 7.08. —^Repulsion Ammeter. 

T T, Terminals (N.B.—Controlling weights or springs omitted). 


Both classes of moving iron ammeters tend to have very crowded 
scales at low readings. Consequently no readings can be relied on 
below of the maximum, and the effective range extends down 
to only J of the maximum (B.S.S., No. 89 definition). For higher 
readings the scale is fairly uniform, but it becomes crowded again 
towards the end (see Fig. 7.09). 

For voltmeters this matters less, particularly for those used to 
measure a fairly steady voltage with set-up zeros (see Art. 3). 

In modem patterns, such as the ''Superscale'' of Everett, 
Edgcumbe & Co., suitable shaping of the fixed and moving irons. 
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particularly the former, has increased the scale length by a half 
without increasing the overall size of the instrument. The pointer 
moves through 125'' instead of the usual 80° to 85^ The scale 
thus becomes as long as the diameter of the case. 

A further disadvantage is that hysteresis (see Chapter lY.) 
causes the reading with a given current to be lower when the 
current is increased to that value, than it is when the current is 
reduced to it from a higher value. This applies to D.C. measure¬ 
ments only. 

They are affected by external fields due to neighbouring magnets 
or currents, but can be shielded from these to a large extent by the 
use of cast-iron cases. Care must be taken that only a few of the 
lines set up by the coil of the instrument pass through this case, 
otherwise the hysteresis error will be increased. 

Most moving-iron instruments are of the repulsion type since 
this gives a robust cheap instrument of good accuracy. The main 
use of the attraction type is for measurements at various frequencies, 



Fig. 7.09. —Scale for Moving Iron Ammeter. 


e.g. in portable testing instruments. By using Mumetal for the 
moving vane a coil with very few turns suffices. Hence its induc¬ 
tance is low and so the variation due to frequency is small. 
Moreover the consumption of an ammeter can be reduced to about 
half a volt-ampere compared with 2VA for one of the repulsion type. 

8 . Moving Iron Instruments for A.C. 

Some types of D.C. ammeters and voltmeters can be used for 
A.C., and others cannot. The distinction depends on whether a 
reversal of current causes a deflexion in the same or in the opposite 
direction. Thus permanent magnet instruments cannot be used for 
A.C. Whereas soft-iron instruments, including the repulsion t}p>e, 
can be used for A.C., but require some modifications. 

The chief cause necessitating modification is that alternating 
currents induce eddy currents in any piece of metal in their vicinity. 
It is therefore necessary to sub-divide any metalhc piece near the 
coil in such a way as to reduce these eddy currents. Othenvise 
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too much heat is produced and the insulation suffers, besides which 
the magnetic action of the coil is reduced greatly. 

A simple example of such sub-division is that of the repulsion 
type of instrument. When this is to be used for A.C. the metal 
bobbin [Fig. 7.08 {a), A] on which the coil is wound is cut completely 
through along one radius. This leaves it in a single piece and still 
a satisfactory support for the coil, but interferes with the currents 
which otherwise would flow circumferentially in the bobbin. 
Alternatively a non-metallic support may be used. The fixed 
cylinder of iron is made up of a number of wires instead of being a 
single solid piece. The moving piece of iron may likewise be sub¬ 
divided, but as it is small this is not essential. 

Since the deflecting force in a given position of the moving parts 
varies as Bi in a moving iron instrument, and as in a repulsion 
instrument (where i = current, B = flux-density in the iron) the 
deflexion depends on the mean value of and of B^ in the respective 
types. If B were exactly proportional to i this would make the 
deflexion dependent on the mean value of i^ in both cases. The 
instrument would then, apart from the effect of eddy currents, 
indicate the R.M.S. value of the current or voltage on the same 
scale as that which is correct for D.C. 

The effect of the variation in the permeability of the iron is to 
make this only approximately true, so that for accuracy these 
instruments require calibration with A.C. of the same frequency 
and wave-form as that which they are to measure. The differences 
between the two scales, generally speaking, is that the deflexions 
with D.C. are smaller than those for A.C. of the same virtual value 
at the top of the scale: at smaller values they may be smaller or 
greater according to the conditions of the particular instrument. 
In a badly designed instrument calibrated with a sinusoidal wave 
the reading may be 6 per cent, low with a peaked wave, and 3 per 
cent, high with a flat wave. 

A further possible source of difference for voltmeters is that the 
impedance exceeds the resistance, and so the current per volt is less 
with A.C. than with D.C. This effect can be made negligible by 
keeping the coil (which is necessarily inductive) a small fraction of 
the total resistance and by winding the series resistance non- 
inductively. 

9. Moving Coil Instruments 

These are an inversion of the moving magnet instruments of class 
,«), Art. I. A typical example is shown in Fig. 7.10. 
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A permanent magnet, M, M, has soft-iron pole pieces P, P, 
attached to it. These are bored out cyhndrically. A soft-iron cylinder 
or core, I, is held concentrically by the bridge piece, D, of gun-metal 
or other non-magnetic material. This cylinder serves to guide the 
magnetic lines to where they are required (see also end of this Art.), 

In the narrow air-gap (say *07 in.) thus formed move the 
sides of the moving coil, C, of fine copper wire. The control is 
by means of a spiral spring, S, of phosphor bronze, attached to 
the axle. This further serves to take the current from the coil 
to the circuit, leading-in being effected either by another similar 
spring, or by a thin strip of copper attached to the other axle. The 
two axles have pointed ends which rest in jewelled bearings. 

On current being 
passed through the coil 
a deflecting torque is 
exerted proportional to 
the current and to the 
strength of field in which 
it hes. The controlling 
torque of the spring is 
proportional to the 
angle of deflexion. 

Hence the scale is an 
evenly divided one, pro¬ 
vided that the magnetic 
field is of the same 
strength throughout the Fig. 7.10 .—Moving Coil Instrument. 
path of the coil. 

Another advantage is that external fields have little effect on 
the readings, since the working field is much stronger than 
in soft-iron instruments. Except for very small currents (say a 
quarter of an ampere) shunts must be used, with the consequent 
introduction of temperature errors (see Art. 6). The standand 
drop across the shunt is -075 volt. 

The accuracy further depends on the magnet remaining of 
constant strength. To ensure this as far as possible— 

(а) The magnet is made of special tungsten (or molybdenum) 
hard steel. 

(б) It is artificially aged ” by subjecting it to heat and to 
mechanical vibration. This reduces the strength of the magnet 
but makes it more truly permanent. 
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(c) The air-gap is made narrow and the polar surface large. 
This reduces the self-demagnetising effect (see Chapter IV.). 

Damping is effected by winding the moving coil on a frame of 
■copper or aluminium. The eddy currents produced in this when it 
moves in the magnetic field cause forces opposing the motion, and 
produce very satisfactory damping. 


10. Dynamometer Instruments 

These are used mainly for alternating currents, but can be made 
to read correctly on both D.C. 

^ . 60 and A.C. circuits without separ- 

\ . W^ 1 ^ ^ ^ / / / / / scales. The Kelvin balance 

^^JjP (Chapter II.) and the Siemens 
M 0 L T ^ * dynamometer are zero instru- 

Fig. 7.11.—Scale of Dynamometer ments of this class. 

Type Voltmeter. The moving coil is similar to 

that employed in moving coil 
instruments, but the field is due to another coil instead of to a 
permanent magnet. 

The deflecting torque in a given position depends on the product 
of the currents in the two coils, i.e. on (current) ^ when the coils are 
connected in series. Hence the scales of these instruments are 
crowded in their lower parts and spread out at the top (see Fig. 7.11). 
They avoid any hysteresis error, but are very liable to errors caused 
by stray fields since the strength of the working field is low. 

In the case of ammeters they 
suffer from the disadvantage of 
a large drop (about 0-3 volt), 
which must be further increased 



by a ballasting resistance of low 
temperature coefficient if a shunt 
is used. For moderate currents 
it is preferable to shunt the 


Fig. 7.12 .—Connexions of Dynamo¬ 
meter Ammeter and Shunt. 

A, Moving coil. B, Fixed coil. C, Series 
resistance. D, Sh-unt. 


moving coil only, and not the whole instrument (Fig. 7.12). 

Their chief use is as wattmeters (Art. 12), but in addition they 
are very suitable as alternating voltmeters when very high accuracy 
(“ substandard ”) is desired. For this purpose B.S.S., No. 89 
requires an error not exceeding 0*3 per cent, of maximum scale value. 
This is surpassed only by moving coil voltmeters for D.C. from which 


0*2 per cent, is demanded. For all other types of voltmeters, and 
for ammeters of all types except moving-coil with separate shunts, 
only 0'5 per cent, is required for substandard accuracy. 
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For ordinary A.C. purposes, even for First Grade accuracy 
(i per cent, of reading down to half load), the improved repulsion 
instrument is preferable; but when a large range of frequencies has 
to be covered the dynamometer type has advantages. 

With hot-wire instruments (Art. ii) it is difficult to obtain even 
First Grade accuracy. 


II. Hot-Wire Instruments 

Since the rate of heat production of an alternating current of 
any given effective value is the same as that of a D.C. of the same 
value (Chap. V., Art. 7), an instrument whose indications depend 
on the heating effect of the current will show the R.M.S. value 
correctly on the same scale as is used for D.C. This has the great 
advantage that it is sufficient to calibrate the instrument with 
D.C., which can be done more 
easily and more accurately than 
when A.C. has to be used. 

Moreover the instrument will be 
correct on any wave form and 
with any frequency. This is 
limited only by the condition 
that the frequency must not 
be so high that the resistance 
is sensibly increased (see Chap. 

V., Art. 16), in which case 
the heat produced per second 
per effective ampere is corre¬ 
spondingly increased. 

The commercial form of instrament working on this principle is 
shown in Fig. 7.13. 

The current is passed through the platinum-silver wire, W, 16 
cm. long, entering at the centre, C, by a flexible strip, and leaving 
at both ends, or vice versa. Near the centre of W a phosphor 
bronze wire, P, is attached, pulling on W approximately at right 
angles. When current passes through W it expands, and the point 
of attachment of P moves downward by a much larger distance 
than the expansion of W. 

A second multiplication is obtained by a cotton thread Z, pulling 
on P at right angles, the lower end F of P being fixed. This thread, 
Z, passes partly round and is attached to a small grooved brass 
pulley, about 4 mm. minimum diameter, fastened to the axle. A 
second similar pulley on the same axle has another thread attached 

13 



Fig. 7.13.- 


-Di.^gram of Hot-wire 
Ammeter. 


E. E., VOL. I. 
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to and passing partly round it, and then going to a flat steel spring, 
S. This spring keeps the threads and wires in tension. A long light 
aluminium pointer is attached to the same axle as the brass pulleys, 
and gives a third magnification of the original extension of the 
platinum-silver wire W. 

The exact strength of the spring is immaterial as the position of 
the pointer in this instrument depends on the extension of W and 
not, as in other types, on the point of balance between a deflecting 
force and a controlling force. 

To prevent the pointer being deflected by changes in the room 
temperature all the working parts are mounted on a base plate, B, 
of an alloy whose coefficient of expansion with temperature is very 
nearly the same as that of the platinum-silver wire. In addition a 
zero adjuster is fitted. This consists of an arm fixed to the base 
plate and a hinged arm to which the left-hand end of the wire D is 
attached. The position of this hinged arm is adjusted by means of 
a screw, backlash being prevented by a spring between it and the 

arm fixed to the 
160 base plate. A hole is 

ntent cover so that 
'/ screw can be ad- 

justed from outside. 

Fig. 7.i4.'~ScALE OF Hot-wire Voltmeter. An aluminium 

disc, A, is fastened 

to the spindle and moves between the poles of a small electro¬ 
magnet, M, and so damps the motion. This is not necessary in 
the case of varying currents as the wire takes a httle time to 
reach a steady temperature, and so avoids any overshoot of the 
pointer: but it is useful in steadying the pointer when the 
instrument is subjected to vibration. 

The great advantage of hot-wire instruments is that the deflexion 
depends on the R.M.S. value of the current in the hot-wire whatever 
the wave-form and frequency. Thus a hot-wire ammeter can be 
calibrated with D.C. and used for measuring A.C. of any wave-form 
and of any ordinary frequency. The same applies to a hot-wire 
voltmeter provided its series resistance is non-inductive. 

Their disadvantages are:— 

{a) they cannot stand much overload without burning out; 

(d) their zero position often requires adjustment; 

(c) their scales are crowded in the lower portions (Fig. 7.14) ; 
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(d) an ammeter cannot be used with several different shunts 
and only one scale; since the increased resistance of the hot-wire 
when current flows increases the multiplying power of a given shunt; 

(e) the power absorbed is higher than for other types. 

12. Electrostatic Voltmeters 

These can he used for either A.C. or D.C., but are especially 
suitable for the former, since the indications are independent of 
wave-form and of frequency. When used for D.C., a second reading 
with reversed poles is desirable where great accuracy is required. 
It can be calibrated 
with D.C. for use with 
A.C. 

The action em¬ 
ployed is the electro¬ 
static attraction 
exerted between two 
bodies at different 
potentials. 

The simplest type, 
and that used for very 
high potentials is the 
attracted disc (see Fig. 

7.15). A flat plate, B, 
supported on varnished 
glass pillars, P, P, is 
connected to one ter¬ 
minal by a wire in an 
insulating tube C. The 
other terminal is^ con- 7.15.—Kelvin Attracted Disc 

nected by the wire A Voltmeter. 

to the support of the 

moving system, and so to the plate V. The deflecting force is 
caused by electrostatic attraction between B and V, and the 
controlling force is due to the gravity of the mo\ing parts. 
Since the attractive force varies as {P.D.)^ and further increases 
with decrease of the distance between B and V, the scale is very 
open at the top and crowded at the lower readings. This type 
is suitable for P.D.s up to 100 000 volts (R.M.S.), and can be used 
for higher pressures still by modif5dng the insulating arrangements. 

Other makers use vertical plates and the moving one surrounded 
by a large disc, which shields it from electrostatic disturbance. 












\)y 
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cells (Q) [see Fig. 7.18 {a)l much lower P.D.s can be measured. The 
smallest range made reads from 30 volts to 120 volts, and higher 
ranges up to about 2 000 volts are obtained easily by modihung the 
suspension or the vanes. Damping is efiected by a disc, attached to 
the bottom of the spindle, moving in a dashpot filled with oil. 

The instrument shown is for attachment to a switchboard, but 
this type is more suitable for laboratory use. 

A further great advantage of the electrostatic type is that it 
absorbs no power, and takes only a very small capacitance current. 
Its disadvantages are that it cannot be used for small P.D.s, and is 
sluggish on its lower possible ranges owing to the necessary weakness 
of the control. More¬ 
over it is costly, but 
this disadvantage be¬ 
comes less pronounced 
as the pressure in¬ 
creases. The scale is 
crowded in its lower 
portion. 

To increase the 
range of a low-reading 
electrostatic voltmeter 
a multiplier is used. 

This consists of a high 
resistance with tappings 
taken off at interme¬ 
diate points. The P.D. 
to be measured is con¬ 
nected across the whole 
resistance, and the volt- Fig. 7.17.— Kelvin High Pressure Multi- 
meter across part of cellular Voltmeter. 

it. Since the voltmeter 

requires no current the P.D. across it is the same fraction of the 
total P.D. as the resistance across it is of the whole resistance; 
e.g. if the voltmeter is connected across 4 of the whole resistance 
(the fractions available are usually i, J, and |), the total P.D. is 
five times the reading of the voltmeter. 

If such a multiplier were used with a voltmeter of any other 
type, the multiplying factor would be greater owing to the shunting 
effect of the voltmeter (see Question No. 25). Besides this it would 
take more current from the mains than the usual arrangement of a 
set of series resistances (see Art. 5). 
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The drawback to the use of a multiplier is that it loses the 
advantages of taking no power and very little current. 

An alternative method is to connect a number of condensers of 
equal capacitance in series across the mains, and the voltmeter in 
parallel with one of them. Provided the capacitance of the volt¬ 
meter is negligible in comparison with that of the condensers, the 
P.D. will be divided equally between the condensers, and so any 
desired multiplying factor can be obtained. 


W 




(a) Inside View. ( 5 ) Outside View. 

Fig. 7.i8.~-Kelvin Multicellular Electrostatic Voltmeter. 

B. B. Supporting plates for Q, Q. T. Spring to protect suspension. 

D. Damping vane in oil. v. v. Vulcanite support. 

R. R. Repelling plates to linait motion of V. W. Phosphor bronze strip suspension. 
S. Spinaie to which V, V are fixed. 


This method retains the advantage of taking no power, but the 
capacitance current taken must he increased greatly. 

For high pressure electrostatic voltmeters a condenser of small 
capacitance is sometimes connected in series with the instrument. 
The latter must be calibrated with the condenser connected, because 
the variation in the capacitance of the instrument makes the ratio 
of division of the total P.D. between the two variable. This 
arrangement diminishes the crowding of the lower part of the scale, 




Wattmeters 


199 


as the instrument then obtains a larger proportion of the total P.D. 
than on the upper part of the scale when its capacitance is increased. 

13. Wattmeters 

A wattmeter, as its name implies, measures the electrical power 
supplied to, or delivered by, any apparatus or a circuit made up of 
any number of apparatuses. The word apparatus is here used to 
include impedances, choking coils, transformers, motors, generators, 
etc. Such an instrument, while hardly ever required in D.C. 
circuits, is of great use in A.C. supply since the power is not as a 
rule equal to the product of volts by amperes. Its indication should 
give the mean value of the power (see Chap. V., Art. 12) not the 
R.M.S. value as in the case of an ammeter or voltmeter. 

The two main types of wattmeter are:— 

(a) Dynamometer, 

(b) Induction. 

A hot-wire type has been 
devised by M. B. Field, and an 
electrostatic one by G. L. 

Addenbrooke,* but these have 
not come into general use. 

When a dynamometer in¬ 
strument is used as a watt¬ 
meter the fixed coil (or coils) 
carries the main current, or 
a definite fraction of it, and 
the moving coil (or coils) carries a current proportional to the 
P.D. (see Fig. 7.19). 

Owing to the absence of iron in the neighbourhood of the coils 
an alternating field is produced in phase with, and proportional to, 
the main current at any instant. Thus the torque exerted on the 
moving coil is proportional to (instantaneous current) X (instan¬ 
taneous P.D.), i.e. to the instantaneous value of the power. 

The pointer cannot follow the rapid changes in the instantaneous 
power, but takes up the position in which the controlling torque is 
equal to the mean deflecting torque (inclusive of negative values). 
Thus the position of the pointer indicates the mean power, which 
is the quantity required. 



* Described at the International Electricity Conference, Paris, 1900. 
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Fig. 7.20 shows the interior of a switchboard pattern of this type 
of wattmeter. In use the axle is horizontal, not vertical as in the 
figure. There are two fixed current coils so as to produce a more 
uniform field than with a single coil: the result is that a uniformly 
divided scale is obtained. The moving coil is single, and the current 
is led into and out of it through the two spiral controlling springs as 
in the case of a moving coil instrument (see Art. 9). The series resist¬ 
ance is wound on a number of sheets of mica, and this construction 
makes it very nearly non-inductive, which is necessary for accuracy. 

The movement is damped by a double vane attached to the 



Fig. 7.20 .—Weston Dynamometer Type Wattmeter. 


axle. This moves in a double-sector shaped box, seen below the 
coils in Fig. 7.20. The vanes have a smaU clearance between them 
find the sides and edges of the box, and thus rapid movements are 
opposed by the compression of the air on the forward sides of the 
vanes and its rarefaction on the hinder sides. 

The pointer is a triangular truss with a thin tip mounted at the 
end. This contraction makes the pointer strong without making 
it heavy, which would increase friction. At the same time the 
natural time of vibration is kept well outside that of the power at any 
commercial frequency, and so steady readings are always obtainable. 
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14. Supply Meters 

Supply meters are for the purpose of measuring the total 
quantity of energy suppKed during a certain period, i.e, they are 
integrating instruments. They are of two main classes:— 

A. Energy, or watt-hour, meters. 

B. Quantity, or ampere-hour, meters. 

The latter depend on the fact that the usual system of supply is 
at approximately constant voltage. Thus the energy supplied in 
watt-hours can be obtained by multiplying the ampere-hours by 
this known voltage. Such instruments do not record the ampere- 
hours but the corresponding watt-hours at the nominal supply 
voltage (see Ex. 2). 



Fig. 7.21.—Connexions of Supply Meters. 


{cl) Watt-hour meter. (6) Ampere-hour meter. 

LLL, Lamps or other loads. MM, Mains. R, Resistance in series with pressure coil 


Their relative advantages are:— 

Watt-hour Meters. Ampere-hour Meters. 

Accurate on varying voltage. Greater simplicity. 

Less liable to change of ac- No shunt circuit to absorb 
curacy. power. 

The power absorbed in the shunt is not as great a disadvantage 
as appears from calculations of the energy used, for the load is a 
24-hours one, and therefore the cost per kWh. is small (see Chapter 
XVIII.). The simpler construction of D.C. quantity meters, 
however, leads to their use in houses, factories, etc., the D.C, watt- 
hour type being employed mostly on switchboards. The methods 
of connexion for the two cases are shown in Fig. 7.21. 
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Subdividing both forms according to their methods of action 
gives the following types in actual use:— 


(a) Electrolytic. (c) Clock (Aron) ] see 

(b) Motor. (d) Induction (for A.C. only) j Vol. II, 



Fig. 7.22, 
Bastian Meter. 


Electrol5d:ic meters are necessarily 
quantity meters, but the motor type 
may be of either the quantity or the 
energy class of meter. 

Example 2. An ampere-hour meter has been 
adjusted to read kilowatt-hours correctly on a 
220-volt circuit. It is used on a 250-volt circuit 
and records 873 kWh. What is the energy 
actually supplied? 

On a 220-volt circuit i kWh, requires a quan¬ 
tity = ampere-hours; 

the metre registers 873 kWh. when 873 
X ampere-hours have passed through it. 

At 250 volts this quantity = 873 x X 

^is^kWh., 

= 993 

15. Electrol3mc Meters 

Electrolytic meters depend on the 
fact that the amount of chemical action 
of an electric current is proportional to 
the quantity [i.e. coulombs or ampere- 
hours) which has passed through the 
liquid. The chemical actions employed 
are:— 

[a] Decomposition of water (Bastian 
meter). 

(&) Decomposition and dissolution of 
copper in copper sulphate solution 
(Long-Schattner meters). 

(c) Deposition and dissolution of zinc in 
zinc sulphate solution (Edison meter). 


[d] Deposition and dissolution of mercury in mercurous nitrate 
solution (Wright meter). 


In the Bastian meter the whole current passes through dilute 
caustic soda by means of nickel electrodes, the hydrogen and 
oxygen produced being allowed to escape. The liquid is covered 
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with a layer of oil to prevent evaporation. The general appearance 
is seen in Fig. 7.22. The measurement is made by observing the fall 
in the level of the liquid, which depends on the electrical quantity. 

Its advantages are 

(1) Accuracy at all loads however small. 

(2) Cheapness. 

(3) Simplicity, hence few repairs. 

Its disadvantages are:— 

(1) A drop of potential of about 2 volts, due mainly to polari¬ 

sation. 

(2) The gases form an explosive mixture. 

(3) It is difficult to read while current is passing, owing to 

the froth formed by the bubbles of gas. 

Example 3. If the polarisation hack E.ALF, of a Bastian meter is 1*7 volts 
and its resistance is 0*02 ohm, find the P.D. across its terminals with 2^ A. 
and 5 A. respectively flowing through it. 

With 25 A. the resistance “ drop " is 25 x *02 = 0-5 volt. 

With 5 A. „ „ „ is 5 X *02 = 0-1 volt. 

In each case the polarisation E.M.F. has to be overcome; 

/. terminal P.D. with 25 A. = 0-5 + 1-7 = 2-2 volts. 

„ „ „ 5 A. = 0*1 -f 17 = 1*8 volts. 

16. The Wright Electrolytic Meter 

Most electrolytic meters are shunted, and care must then be 
taken to make the temperature coefficients of the meter and shunt 
as nearly alike as possible. Also the back E.M.F. of polarisation 
must be only a small fraction of the total drop, otherwise the 
recording of the meter will be poor at low loads. 

In the Wright meter (type {d), Art. 15) the polarisation E.M.F. 
does not exceed -oooi volt, and the full load drop is about i volt. 
Hence the error from this cause amounts to only i per cent, at 

of full load, and correspondingly less as the load increases. 
The arrangement of the electrolytic portion of this meter is shown 
in Fig. 7.23. It consists of a hermetically sealed glass tube con¬ 
taining a saturated solution of a mixture of potassium and mercur¬ 
ous nitrates. Current is passed through this from the anode of 
pure mercury to the iridium ring which forms the cathode. The 
mercury is held in position by a glass fence,’' and its level is 
kept constant by a reservoir. This fence is built up of a number 
of glass rods placed in a ring mth an inner ring of smaller rods. 
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This allows free circulation of the electrolyte, and does not become 
choked with mercury as sometimes happened to the platinum gauze 
formerly used. The chemical action of the cunent deposits small 
globules of mercury on the cathode. These fall off by gravity 
into a narrow tube, alongside of which is a scale of kilowatt-hours 

at the supply voltage. . r. ,. 

In large meters this tube forms a siphon so that after reaching 
100 kWh. the mercury siphons over into a^ larger tube. The 
hundreds of units are read on a scale beside this larger tube; and 
the tens and units on another scale, near to the siphon tube. 

Mercury is dissolved at the anode as fast as it is deposited on 
the cathode: consequently the liquid remains of constant strength, 
and so its resistance is constant, apart from changes due to altera¬ 
tion of temperature. The level of the mercury in the anode is kept 
constant by means of the reservoir. The space above the mercury 
in this is fiUed with liquid; and when mercury leaves the reservoir 
it is replaced by more hquid. A small amount of air is left in to 
allow for differences between the expansion of the liquids and of 
the glass containing vessel. The connexions of the meter are as 
shown in Fig. 7.24. 

The shunt is of platinoid or of some other alloy with a low 



Fig. 7.23.— Electrolytic Cell of Wright Meter, Reason Co.’s Pattern. 

A, Glass vessel. C, Iridium cathode. P, Mercury reservoir. G, “ Fence " of glass 
rods. Circulation of electrolyte shown by arrows. 
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temperature coefficient. . series resistance 

The series resistance is 
made, partly at least, electrolytic 

of iron wire which has shunt 

a large positive temp¬ 
erature coefficient and 

so compensates for the Fig y.24 .—Diagram of CoNXEXIO^’s. 
negative coefficient of 

the electrolytic cell itself. The two together are thus made to 
have nearly constant resistance over a wide temperature range. 

To reset the meter it is unfastened from a catch at the bottom, 
and the cell tilted about hinges at the top, tiH the mercury runs 
back into the upper parts. 

Its advantages are:— 

[a] Great accuracy down to very small loads. 

( 5 ) Small liability to break down or become inaccurate. 

Its disadvantages are:— 

[a) Length of time required for calibration (but this seldom 
needs repetition). This is due to the absence of any 
means of reading small fractions of a unit, as is possible 
in motor meters (cf. Arts. 18 and 34). 

{b) Absence of check on accuracy of reading in case of dispute 
after reading and re-setting. 

(c) Failure to record if connected wrong way. 

17. Motor Meters 

Motor meters usually act on the following principles. If of the 
ampere-hour type a constant field is provided by permanent 
magnets, and the current in the armature is proportional to the 
main current. Thus the torque exerted (see Chapter XL) is pro¬ 
portional to the main current. 

In the watt-hour type the field is produced by coils carrying the 
main current (or a definite fraction of it), and the armature carries 
a current proportional to the voltage. Therefore the torque is 
proportional to current x voltage, i.e. to watts. In both types an 
eddy current brake is provided. This consists of a disc of copper 
or aluminium rotating between the poles of permanent magnets 
(see Figs. 7.27, 7.29). The eddy currents produced in the disc 
cause a retarffing torque proportional to the speed (see Chapter 
XIL, Art. 3). When the speed is steady the two torques must be 
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equal- Therefore the speed must be proportional to the amperes 
or the watts, according to the t3qpe of meter. Now the total number 
of revolutions of the brake is equal to speed x time, and is, there¬ 
fore, proportional to the ampere-hours (or the watt-hours) which is 
the quantity to be measured. 

This class of meter may also be subdivided into— 

, , , , ^according to the means adopted 

* mercury motor meters | for leading current in and out 

{b) commutator motor meters, | of the armature. 

Examples of both classes are given below. 

Their relative disadvantages are:— 

{a) (i) The fluid friction increases as the square of the velocity* 
(or even more rapidly) and so must 
be compensated (see Art. i8). 

(2) Solid friction causes an error 
which is only important at very 
small loads. 

(3) If part of the mercury is spilt, 
or it becomes dirty, the accuracy is 
impaired (see further Art. 18). 

(b) (i) Solid friction is usually 
considerable, and must be compen¬ 
sated (see Art. 19). 

(2) Owing to variation in the 
Fig. 7.25.— Connexions of driving torque with the position of 
O.K. Ampere-hour Meter, the armature the starting current 

A, Armature. BB, Brushes. H.Per- may be high. 

manent magnet. MM, Mains. PP, / \ -l i j 

Pole pieces, s, Shunt. 13 ) The brushes and commutator 

are liable to cause trouble. 

Both types can be made to work with a small drop. The com¬ 
mutator type can be used for A.C., while the mercury type is 
suitable for D.C. only. 

The O.K.'' ampere-hour meter, made by the British Thomson- 
Houston Co., used a different principle. The armature (see Fig. 
7.25) is in parallel with a platinoid shunt whose resistance is such 
that with full load current the drop is about half a volt. There is 
no brake or metallic armature core, consequently the armature 

* To some extent this balances the reduction of the effect of solid friction 
and so diminishes the average error, see " Errors of D.C. ampere-hour meters," 
El. Rev., 2nd Feb. 1917. 
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runs at a speed which generates a back E.M.F. nearly equal to the 
“ drop.” Since the field is constant the back E.M.F. is proportional 
to the speed, and so the speed is very nearly proportional to the 
current. 

It has now been replaced by their D.M. type with a mercury 
motor (cf. Art. 18) acting on the same principle (Fig. 7.26). 

There is no compensation for friction, hence the meter under- 
registers at small loads, but the error is under 2 per cent, at 
of full load. 


18. The Ferranti-Hamilton 
Meter 

This (Fig. 7.27) is of the 
mercury motor ampere-hour 
type. 

The mercury chamber is 
formed by two brass plates 
A, A, bolted together with an 
intermediate fibre ring B. The 
brass plates have presspahn on 
their inner surfaces, thus pro¬ 
ducing an insulated and leakage- 
proof chamber.- Current is led 
into the mercury by the contact 
■-C, which passes through the 
fibre ring. It then enters a 
copper disc D, which it leaves 
at the centre by the support¬ 
ing contact E. The disc is 
platinum-plated and enamelled 
to protect it from the mercury. 
The edge and a small portion 
at the centre are, however, left 



unplated, but are amalgamated so as to ensure good contact with 


the mercury. 

Two mild steel pole pieces, NS, NS, are forced into each of the 
brass plates and are rolled over to form a tight joint. Two C-shaped 
permanent magnets are clamped to these between the mild steel 
bars F, F, and brass bars placed behind the magnets (not shown in 


the figure). 

When current passes through the disc it is driven as a motor 
because of the effect of the field of the right-hand magnet. The 
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left-liand magnet sets up eddy currents in the disc and so opposes the 
motion. Thus the rate of revolution is proportional to the current. 



Fig. 7.27 .—Ferranti Mercury Motor Meter. 


Owing to mercury friction the speed would not increase in the 
proper proportion for large currents, but for the effect of the com¬ 
pensating coil, G. The current passes through this after leaving 
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the disc, and the effect is to increase the strength of the risht-hand 
poles, i.e. of the driving field, and to weaken the left-hand ones, 
i.e. the retarding field, by an amount proportional to the current. 
The speed is thus kept proportional to the current within .1 per 
cent, up to full load. 



e / 



— 


1 
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c?p FC 


Fig. 7.28. —Elihu Thomson Motor Meter. 

R, Series resistance. S, Spindle. W, Worm. W W, Wormwheel. 

The disc is attached to a spindle, H, on which is cut the worm 
which drives the recording train. The weight of the disc with its 
attached parts is adjusted so that it just sinks in the mercur}^ and 

E. E., VOL. I. 14 
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thus keeps the friction on the lower bearing at a very small value. 
This is important because there is no compensation for bearing 
friction. The bearings at each end of the spindle are jewelled. 
Three small nuts are provided on the spindle so as to balance it and 
avoid side pressure on its bearings. One of these is painted white 
to facilitate testing (see Art. 34). 

19. The Elihu Thomson Meter 

This meter is of the commutator motor watt-hour type. It is 
shown in Fig. 7.28. The main current is passed through the coils, 
FC, of copper strip, thus producing a horizontal field. In this 
rotates an armature, RC, of eight coils of fine silk-covered copper 
wire wound on a light non-magnetic octagonal frame. These are 
connected together (see Fig. 8.10) and to an 8-part silver commu¬ 
tator, C. Current is taken 
in and out of the armature 
by two silver-tipped brushes, 
B, B. Silver is employed 
to reduce brush friction. 

A compensating coil of 
fine wire is wound inside 
one or both of the coils FC. 
This is in series with the 
armature and a high resist¬ 
ance, across the mains. The 
object of the compensating 
coil is to exert a torque 
equal to that due to friction, independently of the torque due 
to the current. If the friction torque were constant it could 
be exactly compensated for in this way on a steady voltage; 
but it is greater at starting than when the armature is running, 
and it is also dependent on the amount of vibration. Consequently 
the compensation is insufficient at starting, and at very small loads 
the meter does not register. 

The amount of compensation can be altered slightly by changing 
the position of the compensating coil inside the main coil. The 
registration as a whole can be changed by shifting the brake- 
magnets (Fig. 7.29), which are clamped to the base by two screws 
passing through slotted holes. 

The resistance of the armature is about 600 ohms and the 
armature current is about *05 amp., less in the smaller sizes. The 
series resistance is necessarily varied according to the supply voltage. 


Si 



Fig. 7.29. —^Brake and Spindle Support. 

E, Copper disc attached to spindles. 

MM, Permanent magnets. 
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20. Maximum Demand Indicators 

These indicators are required in certain systems of charging for 
electrical energy (see Chapter XVIIL). Their object is to register 
the maximum power (kilowatts) taken at any 
time during a period. Two main classes of 
such instruments are possible (cf. Art. 14)— BjS 

B. Maximum current indicators. 

AH the indicators in use, except the Merz 

indicator (Art. 21), are in effect wattmeters 

or ammeters with some device for recording 

the maximum current or the maximum power Bit I mB I UH 

taken. The instruments are always made WM 

sluggish in action so as not to record momen- ■fipnHH 

tary large currents, e.g. those due to the 

starting of motors or to short circuits. 

The Wright demand indicator is illustrated 
in Fig. 7,30. Its principle is that of the ' 

diferential thermometer. It consists of a 
glass U-tube containing a hygroscopic and i . 
somewhat viscous liquid {e.g. strong sulphuric 
acid). This terminates in bulbs of equal | ; p|: 

capacity, containing air which is kept dry by I- : 

the hygroscopic nature of the liquid. The 
left-hand bulb has wound round it a spiral I - 

or strip of a high resistance alloy through | - 

which the main current passes. A narrower | 1 

tube, called the reading tube, branches off from 
the top of the right-hand limb of the U-tube. 

When current passes it gradually warms ^ 

the air in the left-hand bulb, causing it to 
expand and force the liquid down on that 
side so that it overflows into the reading tube. BuljjpH 
If the current diminishes the liquid falls in Fig. 7.30.— Reason 
the right-hand limb, but that in the reading Co.'s Thermal Type 
tube remains there. A fresh increase of current cator^^^'ovright^s 

makes no alteration until the liquid has been System). 

forced lower on the left side than at the 
previous time. Thus the amount of liquid in the reading tube 
depends on the maximum current sent through the heating coil. 
This current can be read off on a scale placed behind the reading 
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tube, which scale also gives 
the corresponding kilowatts 
at the supply voltage. 

When greater sluggish¬ 
ness is required a cast-iron 
cylinder is sealed into the 
left-hand bulb, and pro¬ 
tected from the air in it by a 
covering of glass. For still 
greater sluggishness a cast- 
iron hollow cylinder is in¬ 
terposed between the bulb 
and the resistance strip, 
and is insulated from the 
latter. 

The extent of the sluggishness in attaining its full reading is 
shown by the curves in Fig. 7.31, drawn from readings for the 
intermediate pattern with steady currents flowing of 25 A. (full 
load) and 12J A. respectively. To reset the instrument it is 
tilted about the hinges, so as to empty the reading tube. 

21. The Merz Demand Indicator 

This indicator can be attached to any motor having a recording 
train of wheels, i.e. any motor meter or the Aron meter. It 
indicates the maximum watt-hours taken during any one hour (or 
other period) within the time it is in use. 

It consists of a wheel A (Fig. 7.32) driven through change wheels 
from some convenient wheel of the meter counting train. This 
carries a pawl B and a spring C through which it drives the wheel 
D, which is mounted on a sleeve on A’s spindle. On the same sleeve 
is another wheel E with a driving pin F. This pin engages with a 
similar pin G at the back of a further wheel H, on the front of whose 
spindle the pointer P is mounted. The spindle of H is in line with 
that of A and in front of it, but they are shown separately in the 
figure for clearness. 

A pawl K engages with H so as to prevent the pointer moving 
back when the resetting mechanism works. This consists of a 
toothed quadrant Q, engaging with the wheel E; a resetting arm 
R with a roller on the end, actuated by a helical spring S; and a 
cam T. The cam is driven by clockwork so as to make one revo¬ 
lution in an hour (or other desired period), and is free to move 
ahead of the wheel driving it. Thus once every hour R is released 



Fig. 7.31 .—Readings of Reason 
Demand Indicator. 
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by the cam and is caused by the spring S to reset immediately Q 
and the wheels D and E, the pin F being brought against a stop so 
as to ensure accurate setting to zero. 

During the subsequent hours the pointer will not be moved 
unless a larger amount of energy (kWdi.) is used than in any prenous 
hour. Thus the reading at any time indicates the maximum 
energy used in any one hour from the start, and hea\'y loads of 
short duration are averaged over the hour. At the end of the 
month or quarter the reading is noted, and the pointer then set to 
zero by hand after, releasing it by raising the pawl K by means of 
the knob W. 

The change wheels are so chosen that the pointer P will make 
nearly a complete revolution if full load lasts throughout the hour. 

The cam is shaped so that with continuous full load R is kept 
just ahead of Q, thus the resetting mechanism introduces no friction. 

This demand indicator is used chiefly in 
connexion with bulk supply, viz. supply 
of energy by one company or municipahty 
to another, which latter distributes it to 
the consumers in its own district. 

Its main disadvantage is that it requires {b) 
careful adjustment to ensure satisfactory 
working. 

22. The Potentiometer 

The potentiometer in its modem form is 
employed widely for the measurement of 
resistances, the caHbration of ammeters, 
voltmeters, and wattmeters, and in connexion 
with electrical pyrometry. 

As its name implies it is essentially an 
instrument for the measurement, or more 
strictly the comparison, of potential differ- 
ences. With the assistance of suitable 
accessories it can, however, be adapted to 
the measurement of resistances, currents, 
and D.C. electric power. 

The supply of current for the various tests 
is best obtained from accumulators. They 
have the advantage of supplying a current 
which alters only very slowly if the cells are 
in good condition. 



(a) Mechanism. 

(b) Recording dial. 
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23. Principle of the Potentiometer 

In Fig. 7.33 let AB be a uniform wire stretched on a scale, and 
let a constant current flow through it. Then the P.D. between any 
two points C and D in AB is proportional to the length CD. For 
this P.D. is the product of the current and the resistance of CD; 
the former is constant, and the latter is proportional to the length 
of CD, since the wire AB is uniform. 

Now let a cell, of E.M.F. E, be connected by key T through a 
sensitive galvanometer G to the points C and D by sliding contacts. 
Adjust the positions of C and D till no deflection of the galvanometer 
is produced on closing K: this is the position of " balance.'’ In 
this position the E.M.F. of the cell must be equal to the P.D. 
between C and D, otherwise a current would flow through the 
galvanometer in a direction dependent on which of the two were 
the greater. A second cell, of E.M.F. E', may then be connected to 



A B, Wire on scale between terminal blocks. C O', Two positions oi sliding contact 
maker. D D', Ditto for second sliding contact maker. E, Standard cell. E', Cell 
under test. P, Plug key. T, Two-way switch. 

the galvanometer by the other contact of T, and balance again 
obtained by moving C or D or both, e.g. to C' and D'. Thus:— 

E.M.F. of first cell = “ drop ” from C to D, 

„ of second ceU = „ „ C' to D', 

CD 

and the ratio of the two drops equals the ratio pro\ided the 

current in the wire has not altered between the times of obtaining 
balance in the two cases. This can be tested by repeating the first 
observation; 


E CD 
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Consequently if E is known (e.^. if it is the E.:\LF. of a standard 
cell) E' can be calculated. E.g ,— 

Clark standard cell at 15° C., E.M.F. = 1-433 
Length (CD) for balance on potentiometer = 77-8 cm. 

Daniell cell, length (C'D') for balance on 

potentiometer = 58-3 cm.; 

E.M.F. of Daniell cell = 1-433 X = 1-074 volts. 

77-8 

It should be noted that no current is flowing through a cell 
when its point of balance is obtained, consequently it is the whole 
E.M.F. of the cell and not merely the P.D. at its terminals which is 
measured. Thus the internal resistance of the cell does not affect 
the accuracy of the result. 



Fig. 7.34 —Connexions of Modern Form of Potentiometer. 

E, Bough rheostat. P, Fine rheostat. G, Galvanometer. H, Accumulator. 
KL, 14 equal resistances. 


24. Modified Forms of the Potentiometer 

Modifications in the form of the potentiometer have been 
introduced (a) to increase its accuracy, {b) to simplify its use. 

The first step was to increase the length of the slide wire to four 
or even seven metres, thus reducing the percentage inaccuracy for 
a given error in obtaining the length. Since it is almost impossible 
for so long a wire to he quite uniform it had to be calibrated along 
its whole length, a very long and tedious process. The wire was 
next split up into a number of sections, only one of which required 
calibrating iong its whole length, the resistance of the whole section 
alone requiring adjustment in the other cases. 

In Fig. 7.34 AB represents the slide wire placed over a scale 
with 100 divisions (usually subdivided into tenths). In series with 
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tills is a coil of the same wire divided into a number (say 14) of 
sections connected to contact studs 0, i, 2, ..., 14. The resistance 
of each section is adjusted accurately equal to that of 100 scale- 
divisions of the slide wire. Two contact makers are used, one, C, 
on the slide wire, the other, D, on the studs. In this way any 
length of wire up to 1500 divisions can be used to balance the cell 
E.M.F. or other voltage under test. Note that the zero is placed 
at the end of the slide wire which is joined to the other sections, 
and not at either end of the whole arrangement; this makes the 
scale direct reading; for instance, in the figure it reads 1435 divisions. 

The length of the slide wire has been reduced from a metre to 
25 in. or 20 in. for greater compactness, and where very high 
accuracy is not required to 14 in. or less. Hence the “ divisions 



Fig. 7.35 .—Crompton Type Potentiometer. 


are no longer centimetres: their exact length is immaterial provided 
they are equal and of convenient size. 

The second modification consists in adding a rheostat in series 
with the slide wire and sections. This has two portions, one in 
sections connected to contact studs for rough adjustment, the other 
a slide wire for exact adjustment: the resistance of this slide wire 
is a little more than that of each of the sections. The object of 
this is to adjust the current supplied by the accumulator so that 
balance is obtained with the standard cell at a reading equal to 
1000 times its E.M.F. E.g. with a Clark cell at 13° C. the contacts 
would be set at 1435 (as shown in Fig. 7.34) and balance obtained 
by altering the rheostat and not moving the contacts C and D. This 
is known as “standardizing the potentiometer." The unknown 
cell would then have its E.M.F. balanced by moving C and D 
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leaving the rheostat unchanged. If balance is obtained at 1074. then— 
Unknown E.M.F. = 1-435 x ^ = 1-074 volts, 

1435 

i.e. the potentiometer becomes direct reading, each dmsion repre- 
senting -ooi volt, and calculation is unnecessary (cf. Art. 23). 

25. Modern Potentiometer 

An actual Modern potentiometer is shown in Fig. 7.35. This is 
the Crompton type made by R, W. Paul. 

The 17 slide wire coils, the rough adjustment rheostat, and the 



Fig. 7.36. —Connexions of Crompton Type Potentiometer. 

AA, Accumulator terminals. B, Fine rheostat. G, Coarse rheostat (regulator). 

D, Potential switch. E, Multiple circuit switch. F, Contact maker. HK, Slide wire. 

GrO, Galvanometer terminals. 

connexions are mounted in a mahogany box 26| in. x 10 in. x 3 
in. deep. 

There are 8 pairs of terminals mounted on ebonite at the far side 
and two ends for connecting respectively to the galvanometer, the 
Clark or other standard cell, five testing circuits, and the accumulator. 

By means of the multiple switch (marked " Circuits in the 
figure) any pair of terminals can be connected respectively through 
the galvanometer to the slide wire contact maker, and to the 
" potential ” switch. (See Fig. 7.36.) 

The " rheostat " switch alters the resistance in the accumulator 
circuit, and along the far side is the continuously adjustable fine 
rheostat. 
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The connexions are thus equivalent to those shown in Fig. 7.34, 
with the addition of the multiple switch, which allows balance to 
be obtained with two or more potentials without any change of 
connexions beyond mo\dng this svdtch. • 

The slide wire is protected by a metal bar of angle section on 
which the scale is marked. The sliding contact maker is adjusted 
by hand. It slides on the scale and on a round bar which connects 
it to the galvanometer. Contact is made by pressing a knob, and 
by turning this slightly contact is maintained. 

All the switches have ebonite covers with ebonite knobs outside. 

At the left-hand end is a shunt and short key for the galvano¬ 
meter. When on “ shunt ” a resistance is connected in parallel with 
the galvanometer to avoid excessive deflexions in the first attempts 
to find the balancing point. On moving the switch to short ” 
the shunt is disconnected, and by pressing the top ebonite knob the 
galvanometer is short-circuited. This is useful in finally settling 
the position of balance. 

26. Voltage and Voltmeter Tests 

The method of measuring cell E.M.F.s, or other P.D.s, up to 
1*5 volts has been already described in Arts. 23, 24. When higher 
voltages are to be measured a ratio box or volt box is required. 
This consists of a high resistance (30 ohms or more per volt) 
accurately subdivided. Its principle is that if a P.D. of E volts is 
maintained across a coil AB of R ohms resistance (see Fig. 7.37), 

E 

then the P.D. across any portion, CD, of this coil is - volts if the 

resistance of CD is — ohms; i.e, the P.D.s are in the same ratio as 
n 

the resistances. This will be true only provided no current is taken 
from the points C and D, which is the case when a balance is 
obtained with the potentiometer. 

In use, A and B are connected to the two points between which 
the P.D. is required, and C and D are connected to a pair of test 
terminals on the potentiometer. The P.D. between C and D is 
measured by comparison with a standard cell, and that between 
A and B obtained by multiplying this value by the known ratio of 
the resistances of AB and CD. This ratio is always made a simple 
number. Thus if the resistance of AB is 10 000 ohms and that of 
CD 50 ohms, giving a ratio of 200, P.D.s up to 300 volts (1*5 x 200) 
can be measured. E.g. if the P.D. across CD is found by means 
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of the potentiometer to be 1-287 volts, that across AB must be 
200 X I‘287 = 257*4 volts. 

The resistance may be subdivided further so as to increase the 
accuracy at lower voltages, e.g. the 10 000 ohm resistance, AB, for 
300 volts, may have further tappings at points such as E in Fig. 
7.37. Thus if the resistance of AE is 2500 ohms the ratio is 50, 
and this is suitable up to 75 V. The leads to the potentiometer are 
taken from C and D in every case. The exact values of these 
resistances are unimportant provided their ratios are accurate. 

In cahbrating a voltmeter a suitable ratio box is required, and 
a supply at a voltage which can be adjusted up to the full range of 
the voltmeter. This is best obtained from a number of small 


accumulators in series, since the P.D. will then be practically 
constant during the test: its 


value may be varied by alter¬ 
ing the number of cells in use 
or by connecting a high vari¬ 
able resistance in series with 
the voltmeter. The connex¬ 
ions for the latter method are 
shown in Fig. 7.37. 

The reading on the volt¬ 
meter is adjusted to some 
exact value. The P.D. across 
the potentiometer coil, CD, is 
measured by the potentio¬ 
meter in the usual way, and 
multiphed by the known ratio. 



The difference between the 


P.D. across AB thus obtained and the actual reading of the 


voltmeter is the correction required for that reading. This process 
enables the corrections at all parts of the scale to be determined. 


27. Resistance Measurement 

Measurements of resistance by the potentiometer are made by 
connecting the unknown resistance Ra, in series with a standard 
resistance R^, and sending a suitable current through them. The 
P.D.s across the two resistances are compared by the potentiometer, 
and the ratio of these P.D.s gives the ratio of the resistances. 
For if I is the current through the two resistances, then 
P.D. across unknown resistance __ IRa, __ Ra; 

P.D. across standard resistance IR^ R^ 
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The connexions for such a test are shown in Fig. 7.38. Two 
accumulators in series are used for supplying the current; they 
must be large enough to supply it without any approach to over¬ 
loading. A variable resistance, whose value need not be known, 
is connected in series with the others for the purpose of adjusting 
the current. 

The procedure may be according to either of the following 
methods:— 


(A) If the potentiometer has been “standardised” by a 
standard cell and it is desired not to change this, 

(i) Set the potentiometer to figures which are a simple multiple 
of the standard resistance in ohms, e.g. with a o-i ohm standard 
set it to 1000. 


(2) Obtain balance on terminals 


RHEOSTAT 

■■vwwww yvw 


//kA/M^AA/AMA,\r■ 

STANDARD 


“WWWA/ 

UNKNOWN 


by altering the vari¬ 
able resistance in the 
f-j | rcsistancc circuit (see 

[ -] Kg. 7.38). 

yvM^A^Av^A/wwvw/w'',v'''"‘7"™'“^™V'A'\AvAAA/w\/wwwvy Obtain bal 

ance on terminals 
ib by moving the 
contact maker and 
potential switch (see 
Art. 25) of the poten¬ 
tiometer; the posi¬ 
tion at which balance 

occurs gives the value of the unknown resistance directly, e.g. if 
balance is obtained at 1378 after setting as in (2), then 0*1378 
ohm is the value of the unknown resistance. 


a a b b 

Fig. 7.38.— Measurement of Resistance by 
Potentiometer. 


(B) If the potentiometer has not been standardised proceed as 
in (A), but the first balance may be obtained by altering the poten¬ 
tiometer rheostat alone or in conjunction with the variable resistance. 


28. Standard Resistances 

The standards used are i ohm, o*i ohm, o*oi ohm, o*ooi ohm, 
etc., and are constructed to cany without undue heating currents 
of 1*5 A., 15 A., 150 A., 1500 A., etc., so that the drop with 
the fuU current flowing is 1*5 volt in every case. The one 
used should be that with its value as close as possible to the 
unknown resistance. Higher resistances may be used as standards, 
but other methods then become available (see Art. 29). 
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A standard resistance for 150 amperes is sho\\Ti in Fig. 7.39. It 
consists of a strip of manganin about 2 in. x rs in., which is 
enamelled to protect the metal from oxidisation, etc. 

The current is led in and out by massive brass terminals. 

The potential terminals are mounted on ebonite washers and 
connected to points near the edge of the strip as shown in Fig. 7.39. 

The final adjustment of the resistance is made by cutting at 
a” Fig. 7.39, till the correct drop of 1-5 volts is obtained with 



Fig- 7.39.— Standard Resistance for Potentiometer. 

■AA, Current terminals. BB, Potential terminals. cc, Wooden clamps with brass bolts, 
ee, Ebonite washers. 


150 amperes flowing. The resistance between the current terminals 
is therefore slightly over -oi ohm. 


29. Drop of Potential Method for Resistance Measurement 

The potentiometer method of measuring resistances is by drop 
of potential, but the name is applied generally to a simpler method. 
In this latter the unknown and standard resistances are connected 
in series to a suitable source of current just as in the potentiometer 
method. Instead of comparing the drops of potential across the 
two resistances by the potentiometer a galvanometer is used. 
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This is connected across the two resistances in turn, and the 
deflexions noted. The ratio of these deflexions is equal to the 
ratio of the P.D.s across the two resistances, and is therefore equal 
to the ratio of the resistances themselves, or 

where Rj. = unknown resistance in ohms, 

Rj = standard resistance in ohms, 

= deflexion of galvanometer when connected to un¬ 
known resistance, 

ds ~ deflexion of galvanometer when connected to standard 
resistance. 

The galvanometer must be of high resistance or have a high 
resistance in series with it. Otherwise the accuracy of the test is 
liable to be diminished by the shunting effect of the galvanometer.* 
For the same reason this test is most suitable for low resistances, 
with which this shunting action is small. The less the diference 
between the two resistances the less the inaccuracy from this source, 
because the shunting effect is then nearly the same with each of 
the resistances. 

The standard resistance used should therefore have a value close 
to that of the one to be measured. 

Another possible source of error is that the deflexions of the 
galvanometer may not be exactly proportional to the P.D.s applied. 
This is another reason for using a standard nearly equal to the 
unknown resistance. 

Both the above sources of inaccuracy are absent from the 
potentiometer method, but it is more complicated. Consequently 
the above method is often employed for low resistances when great 
accuracy is unnecessary. 

30. Wheatstone’s Bridge 

Wheatstone’s bridge is an arrangement for measuring an 
unknown resistance by means of three known resistances. 

* I.e. when the galvanometer is connected to either resistance it takes part 
of the current and so diminishes the drop across that resistance, or, in other 
words, the resistance of the galvanometer and resistance together is less than 
tha.t of the resistance alone. It can be shown, however, that if the battery 
resistance is negligible the above relation of resistances to deflexions is 
still true. 
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The connexions are as shown in Fig. 7.40. R^, Ro, Rg are known 
resistances, Rj. is the resistance to be measured. One or more of 
the known resistances are adjusted till no deflexion of the galvano¬ 
meter occurs on closing the battery and galvanometer keys. WTien 
this is the case 


R, - Ri ^ r; 

The truth of this relation can be proved as follows:— 

Let I = current through R^, which is also the current through 
Rg since no current goes through the galvanometer. 


and let F = current through Rg = current through R-^. 

Now B and C are at the same potential, otherwise a deflexion 
of the galvanometer would occur. 

Therefore Drop across AB = Drop across AC, 


IRi = I'Rs, 


and Drop across BD = Drop across CD, 


or 


The battery and galvanometer connexions may be interchanged 
without affecting the result, for then 


R2 


Ri 


R* = R2 X 


5 - 3 , 

Ri 


which is the same value for Rjj. as before. 

There are two varieties of apparatus employed in applying this 
principle. One is the metre (or half metre) bridge shown in Fig. 


7.41. AD is a uniform wire 
of platinoid or some similar 
alloy, stretched on a metre 
scale. Copper straps and 
terminals are provided for 
making the various connex¬ 
ions. S is the standard 
resistance, R the unknown 
one. B is a sliding contact 
by which the galvanometer 
can be connected to any 
point of the wire AD. 
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The letters A, B, C, D are placed at corresponding points in 
Figs. 7.40 and 7.41. 

When balance is obtained— 

R = S =sx— 

Res. of AB Length of AB 

and these two lengths can be read on the scales. 

The two resist¬ 
ances should not dif er 
widely, otherwise an 
error in the scale 
reading, or in the 
coincidence of scale 
ends and wire ends, 
makes a large per- 
Fig. 7.41 .—The Metre Bridge. centage error in the 

calculated resistance. 

This method is suitable for resistances between about ten ohms 
and half an ohm. 



31. Post Office Box 

The second type of apparatus used is the Post Office box. This 



i 


Fig. 7.42 .—Connexions of Post Office Box 
E = Resistance to be measured. 

consists of three variable resistances and two keys, connected 
together as shown in Fig. 7.42. 

The resistances consist of a series of coils connected to massive 
brass blocks (see Fig. 7.43). These can be short-circuited by means 
of brass plugs with ebony handles, or put into circuit by with¬ 
drawing the plugs. Two of the resistances, viz. AB and BD, each 
consist of three coils of 1000 ohms, 100 ohms, and 10 ohms resistance 





Post Office Box 



respectively. The third, AC, can be 
adjusted to any exact number of ohms 
up to II no ohms (or sometimes in no 
ohms). When balance is obtained— 

■r» T> • X A ^ Resistance of BD 

R=Resistance of ACx ^ .. 

Resistance of AB 

The latter ratio is always some power 
of 10 [e.g. 100, thus no calculation 

is necessary beyond the adding of the 
resistances in use in AC, and the placing 
of the decimal point. The P.O. box is 
therefore practically direct reading. 

It is suitable for resistances from i 
megohm down to about 5 ohms. For 
lower resistances the methods described 
in the previous two paragraphs are 
preferable. For higher resistances see Chapter III., Art. 17. 

The drawback of this method when used for low resistances is 
that the contact resistances of the plugs and other connexions 
become a considerable percentage of the resistance measured. 
These contact, resistances do not affect the accuracy of the drop of 
potential method appreciably, nor that of the potentiometer method 
at all. 


Fig. 7.43 .—Arrangement 
OF Resistance Coil in 
Post Office Box. 

BB, Brass blocks. EE, Ebonite 
base. H, Ebonite handle. 
P, Brass plug. R, Resistance 
coil. 


32. Current Measurement by the Potentiometer 

This is effected by means of the standard resistances described 
in Art. 28. The current to be measured is passed through 
the appropriate standard resistance, and the drop across this 
measured in volts by the potentiometer. In this case the 
latter must he standardised by means of a standard cell. 

Then the current in amperes 

_ Drop across resistance in volts 
~ Ohms in standard resistance * 

When an ammeter is to be cali¬ 
brated it is connected in series \vith 
the corresponding standard resist¬ 
ance and an (imknown) variable 
resistance and supplied with current 
by two or three accumulators (see 
Fig. 7.44). No more are required 



Fig. 7.44 .—Calibration of 
Ammeter by Potentiometer. 

A, Ammeter. B, Battery. 
CO, Leads to potentiometer. 

D, Variable resistance. 


E. E., VOL. i. 


15 
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unless the current is too large for a single accumulator, in which 
case several may be connected in parallel. 

The ammeter reading is adjusted to some exact value by means 
of the variable resistance, and the accurate value of the current 
obtained as above by the potentiometer, and the values compared. 
A series of such tests is made as in the case of a voltmeter. 

33. Power Measurement by the Potentiometer 

This test is merely a combination of current and voltage 
measurements, using the potentiometer in each case. 

The standard resistance is connected so as to carry the whole of 
the load current, and the ratio box is connected in parallel with the 
load (see Fig. 7.45). Leads are taken to two pairs of potentiometer 

terminals, and 
the current and 
voltage measured 
one immediately 
after the other. 
The product of 
the two gives the 
power supplied 

to the load. This 

Fig. 7.45. — Power Measurement by the method is suit- 

PoTENTioMETER. able foT direct 

B, Volt box. C 0 , Potentiometer leads for current measure- currents Only, cf. 
ment. I>, Load circuit. MM, Mains. E, Standard Chap. V. Art. Q. 
resistance. W, Potentiometer leads for voltage measure- rri, ’ 

ment. The cakbia- 

tion of a watt¬ 

meter may be effected by using it to measure a steady load and 
comparing its reading with the watts measured by the potentio¬ 
meter, provided the wattmeter is of the dynamometer type (cf. 
Art. 10). It is preferable, except for small powers, to use a 
" dummy load,” which saves power and reduces the amount of 
regulating resistance necessary. 

The current coil of the wattmeter is supplied with an adjustable 
current, by means of two or three accumulators of large capacity 
and a variable resistance (D and F, Fig. 7.46). The same current 
is sent through a suitable standard resistance so that it can be 
measured on the potentiometer. The voltage coil of the wattmeter 
is supplied separately by a large number of small accumulators in 
series, a variable resistance is used if it is desired to adjust the 
voltage to an exact value. The ratio box is connected in parallel 
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with the voltage coil, so as to measure by the potentiometer the 
P.D. on this coil. 

The saving effected by a dummy load can be seen by taking an 
example. Let the full capacity of the wattmeter be 50 amperes at 
200 volts, i.e. 10 kilowatts. Then if the current coil is supplied by 
3 accumulators giving 6 volts, and if the voltage coil takes *04 
ampere, the total power used is 6'' x 50^ -f 200'' x ‘04-^ == 308 
watts. The wattmeter (if correct) will read 50 x 200 = 10 000 
watts, and if loaded in the ordinary way would require further the 
additional 8 watts used by the voltage coil. Thus the power saved 
is 10008 — 308 

= 9 700 watts. _ Dj H ij I _ 


34. Ampere-Hour 
Motor Meter 
Testing 
Two tests are 
generally made 
on meters of this 
type—one for 
proportionality, 
the other a 
“ dial test.” 

The object of 
the first is to 
test whether the 
rate at which the 
meter motor runs 



Fig. 7.46. —^Wattmeter Calibration by the Poten¬ 
tiometer WITH A "Dummy" Load. 


merer moror runs g, yoit box. CC, Potentiometer leads for current measnre- 
is accurately pro- meat. R, standard resistance. S, Series resistance of watt- 

.. 1 , .I meter (often inside instrument case). VV, Potentiometer leads 

portionai to tne foj. voltage measurement. W, Wattmeter, 

current flowing 

through the meter. For this purpose the meter is connected, in 
series with an accurately calibrated ammeter and an adjustable 
resistance, to suitable accumulators. The current is then adjusted 
to the meter's full load and the time of revolution of the motor 
determined by a stop-watch. This is repeated at other loads, say 
h h -h of fuff foud. The time of revolution should increase 

inversely as the current, and the variation from this can be 
determined. 

To avoid calculation the timing is done as follows. At full load 
the time taken to make a convenient multiple of 20 revolutions is 
observed; at half load the time for half this number of revolutions, 
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and so on for the other loads. If the meter is accurate all these 
times will be equal, consequently the amount of their variation 
shows how much the meter departs from proportionality. 

When a meter has successfully passed this test it then undergoes 
the dial test. This consists of sending the full load current through 
it steadily for several hours, and reading the dial before and after. 
The number of units registered is then compared with the number 
calculated from the current, the time during which it has been 
flowing, and the voltage for which the meter is intended. (See 
Example 4.) 

Any number of .meters of the same capacity {i.e. same full load 
current) may be tested simultaneously by connecting them all in 
series. This saves time in adjusting the current. 

Instead of using a calibrated ammeter the current may be 
measured directly by the potentiometer with a standard resistance. 

Example An ampere-hour meter has 25 amperes sent through it for three 
hours. It registers 17-5 units, during this time. If it is intended for a 2^0-voli^ 
circuit, what is Us error? 

rr.. . , ,, . . 2'5 amp. X 2^0 volts x 3 liours , „„ 

The meter should register — - - - - - - -kWh. 

® 1000 

= 17*25 kWh.; 

error = 17*5— 17*25 = *25 k^Vh.; 

♦25 

percentage error = *f x 100 1*45 per cent. 


35. Watt-Hour Meter Testing 

Motor meters of this type are tested much as described above 
(Art. 34). Their pressure coils must, however, be supplied at the 
proper voltage and this voltage measured, most simply by a cah- 
brated voltmeter. The supply to the current coils and that for the 
voltage coils are obtained from separate sources, i.e. a “ dummy 
load " is used (see Art. 33). 

The proportionality test is then applied as in the case of an 
ampere-hour meter, the voltage being kept constant and the 
current varied so as to obtain the desired loads. Afterwards a dial 
test is apphed with a dummy full load. 

If a number of meters are tested simultaneously with dummy 
loads, the voltage and current cods of all (or all but one) must be 
disconnected from one another (see Fig. 7.47). Otherwise the 
current coil of the first meter carries the current used by the 
voltage coils of all the rest, in addition to that recorded by the 
ammeter. 
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Both the current and voltage measurements maybe made directly 
with a potentiometer if desired. It is more convenient to use an 
ammeter and a voltmeter, and to calibrate them from time to time. 


36. Electrolytic Meter Testing 

These meters can be tested only by long runs with steady 
currents. This is 


usually done at full 
load and at one other 
load (say J). 

In the shunted type 
(see Art. 14) current 
could be saved by 
testing the electrolytic 
cell without its shunt. 
This would not be a 
satisfactory test, be¬ 
cause the main source 
of error in this type is 
the variation in the 
fraction of the total 
current sent through 
the electrolytic cell. 

The tediousness 
and large ampere- 
hour consumption of 
these tests is counter¬ 
balanced by the fact 
that such meters need 
be tested only at very 
long intervals. In the 
unshunted type a short 



circuit, complete or pig. 7.47 .—Simultaneous Testing of Watt- 
partial, is almost the hour Meters. 

only possible source 
of error in an originally correct meter. 

The limit of error for aU types of meter allowed by B.S.S. 
No. 37 is =b 2 per cent, from jV load to times full load when 
this exceeds loA for D.C. meters, and for ail sizes of A.C. meters 
which carry the whole current. For smaller D.C. meters, and for 
A.C. meters using external shunts and transformers ± per cent, 
is allowed over the same range. The latter error is not to be 
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exceeded down to ^ full load by the larger D.C. meters, and by all 
types of A.C. meters on loads of unity power factor. 


QUESTIONS ON CHAPTER VII 

1. A milliammeter of 3 ohms resistance reads up to 150 milliamperes. 
What resistance is necessary to enable it to be used (a) as a voltmeter reading 
up to 15 volts, (6) as an ammeter reading up to 30 amperes ? 

Give a diagram of connexions in each case. 

2. An ammeter of 5 ohms resistance gives full scale deflexion with o*05A. 

What resistances must shunts have for ranges of lA, 5A, and 20A 

respectively ? 

What is the resistance of the shunted ammeter in each case ? 

Why are the shunts made of strip, or of a number of wires in parallel ? 

3. What are the means employed to increase the range of instruments 

for measuring voltage and current ? [C. & G., II. 

4. What advantages has the soft-iron type of ammeter ? Describe an 
instrument of this type. 

5. Sketch the details of a moving coil ammeter, explain its action, and 
state its advantages and disadvantages. 

6. Describe some form of ammeter suitable for a switchboard. State 

whether the deflexion of the pointer will be proportional to the current or 
not, and give reasons for your answer. [C. & G., 1 . 

7. Why can ampere-hour meters be used to obtain the amount of energy 
supplied ? State the relative advantages of these and of watt-hour meters. 

8. An ampere-hour meter calibrated at 210 volts is used on a 230-volt 
circuit, and indicates 732 units in a certain period: what is the actual amount 
of energy supplied ? If current has been taken during 200 hours, what is its 
average value ? 

9. Describe, with sketches, a meter of the motor t5^e, and explain the 
method adopted to minimise the inaccuracy caused by friction. 

10. Explain the advantage of making the compensating effect in a mer¬ 
cury motor meter less than the liquid friction. 

11. Sketch and describe a maximum demand indicator, explaining its 
method of action and what it measures. 

12. A maximum demand indicator on a 220-volt supply indicates 7A, the 
meter shows 360 kWli. consumption. 

Calculate the quarter’s {91 days) bill if the tariff is 4jd. per unit for the 
first hr. of maximum demand, and 2jd. per unit after. 

W^at is the equivalent flat rate in this case ? 

13. Sketch and give a diagram of connexions of an accurate potentio¬ 
meter; and describe briefly its use for measuring the E.M.F.s of cells. 

14. Show how to calibrate a voltmeter, reading to 150 volts, by means of 
a potentiometer and a standard cell. Give a full diagram of connexions and 
a list of apparatus. Upon what does the accuracy of the test depend ? 

15. Describe one good method for measuring low resistances. 

16. What is the range of resistance measurement of the ordinary P.O. 
box, and why cannot it be adapted for the measurement of smaller resistances ? 
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17. Explain, with sketches of connexions, some form of direct reading 
potentiometer; and show how it may he used to calibrate an ammeter, 

[C.&G.. II. 

18. Show how to calibrate a moving-coil ammeter by a potentiometer, 
discussing fully all the precautions which have to be taken for high accuracy! 

[Lond. Univ., El. Tech. 

19. Draw a complete diagram of the connexions for testing a djmamo- 
meter type wattmeter by a potentiometer and accessories. 

20. Describe how to test completely the accuracy of a D.C. watt-hour 
meter. Explain how power is saved by testing in the way adopted, and give 
a diagram showing how a number of meters should be connected for simul¬ 
taneous testing. 

21. In testing 6 watt-hour meters, 5 cells of 2 volts each are connected in 
series to send 20 amperes through the current coils, and the voltage coils 
each take 0-04 ampere at 220 volts. Compare the energy used with that 
recorded, and calculate the cost of the energy used in a 40'ininute test at 4d. 
per kWh. 

22. Explain the precautions that have to be taken in the construction of 
resistances for use with A.C. voltmeters. How is a soft-iron ammeter or 
voltmeter made suitable for use on A.C. circuits ? 

23. A unidirectional pulsating current is passed through a moving coil 
ammeter and a hot-wire ammeter in series. Explain why their readings 
differ, and state which gives the higher reading. 

24. Upon what action does the working of electrostatic voltmeters depend ? 
State their advantages and disadvantages. 

Sketch such a voltmeter (not the type used for very high potentials). 

25. A non-inductive coil, AB, is connected across the mains, and a volt¬ 
meter is connected across a portion, CD, of this coil. The resistance of the 
coil AB is 8 000 ohms, and that of the portion, CD, is 2 000 ohms. 

If 440 volts is applied to AB, what is the reading of the voltmeter (a) if it 
is an electrostatic one, (b) if it is an electromagnetic one and has a resistance 
of 4 000 ohms ? 

26. Describe, with sketches, the construction of a wattmeter for use on direct 

current circuits, and state whether the reading of the instrument is likely to 
be affected by reversing both the current and potential circuits. Describe 
how such an instrument can be calibrated without using the full power which 
it is designed to measure. [C. & G., II. 

27. Explain the principles of methods suitable for measuring the resist¬ 
ance of the following:— {a) a short copper bar; (b) a coil of copper wire of 
about 20 ohms resistance; (c) the insulation of an electric light installation. 
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1. Electrical Generators 

Electrical generators* are machines for converting mechanical 
energy into electrical energy. They depend on the fact that when 
a coil moves so as to alter the number of magnetic lines of force 
passing through it, an electromotive force is produced in it. The 
amount of the E.M.F. is proportional to the rate of cutting lines 
(see Appendix A) and is given by the formula 
^ __ Number of cuts 
(Time in seconds) x lo® 

For a conductor moving in a uniform field of B hnes per sq. cm. 
(or in a held of this average density) the above is equivalent to 

■U u 

E = —r volts, 

10 ^ 

where I = length of conductor in cm., measured perpendicular to 
the lines {ie. the distance between the ends of the 
conductor projected on a plane perpendicular to the 
lines), 

and V = component velocity of conductor in cm. per sec. in 
a direction perpendicular to the lines and to the 
projected length of the conductor. 

This formula is of use in designing electrical machinery. If inch 
units are used it remains true without any alteration. 

For B = S'"~ (2•54)^ X 2-54, and v =v'' x 2‘54. 

Therefore Blv = BTv”, where B", v” are the flux-density, 
length, and velocity respectively in inch units. 

2. Essential Parts of a D.C. Generator 

The essential parts of a D.C. generator are:— 

[a] The field-magnets: the magnets which produce the field in 
which the conductors move. 

* Direct current generators are frequently termed dynamos, but it seems 
preferable to keep the latter as a general title including motors, since the 
same machine may serve as a generator and as a motor at different times; 
and the construction of the t\vo is identical (see Chapter IX.). 
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(6) The field windings or magnet coils : conductors to carry the 
current to excite the field magnets. (N.B.—These are absent in 
generators with permanent magnets; see Art. 3.) 

[c) The armahm winding or conductors : a connected system of 
conductors to cut the magnetic lines and generate the E.M.F. 

[d) The armature core and armature spider, etc.: supports for 
the conductors, connecting them to— 

[e) The shaft, which with the hearings permits of the necessary 
(rotary) motion of the armature. 

(/) The coupling: the mechanical connexion between the shaft 
of the generator and that of the steam engine or other ''prime 
mover ” which drives it. 



(a) Series-wound. (&) Shunt-wound. (c) “Short shunt’' {^) “Long shunt “ 

(or ordinary com- compound wiad- 
pound-wound). ing. 


Fig. 8.01.— Methods of Self-excitatiox. 

Armature resistance. Series (or main) field winding resistance. 

Eg, Shunt field winding resistance. 

(g) Either a commutator or slip-rings: rotating conductors 
connected to the armature winding on which rest 

(h) The brushes, supported by the brush-gear: electrical con¬ 
nexions between the external circuit and the armature winding, by 
way of the commutator or slip-rings. 

3. Methods of Producing the Magnetic Field 

The methods of producing the magnetic field required in a 
generator may be divided into the use of— 

(a) Permanent magnets. 

[b) Electromagnets excited {i.e. magnetized) by a current 
supplied from an independent source, e.g. another generator or a 
battery. The generator is then said to be separately excited. 
This is the general method for alternators. 
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(c) Electromagnets excited by a current obtained from the 
generator itself, which is therefore said to be self-excited. 

Permanent magnets are used only for small generators, particu¬ 
larly those used for ignition purposes in gas, oil, and petrol engines. 
Such generators are called magnetos. Gradual loss of magnetism 
is one of their disadvantages. Electromagnets have the further 
advantages of lighter weight, and of ease of regulation of their 
magnetic strength, viz. by changing the exciting current (cf. Art. 9). 

Self-excited generators may be subdivided into shunt-wound, 
series-wound, and compound-wound generators (see Fig. 8.01). 

The first two terms are self-explanatory. The third is usually 
applied to a combination of shunt and series windings, though it 
sometimes refers to a combination of separate and series excitation. 
There are two slightly different forms of compound winding, named 

long ” or short ” shunt 
according to whether the 
shunt winding is connec¬ 
ted across the terminals 
of the generator or across 
its brushes [see Fig. 8.01 
(c) and id)]. 

Small dynamos are 
bipolar, i.e. their field 
magnets have only two 
poles, one N. and one S. 
For larger outputs, say 
over 4 kW., the number 
of pairs of poles is in¬ 
creased so that there are four, six, or more poles, alternately N. 
and S. These are known collectively as multipolar generators (or 
motors), and a particular machine is referred to as a six-pole 
generator,” an ” eight-pole motor,” etc. 

For turbo-generators, which run at a high speed, bipolar fields 
are used for comparatively large outputs, even up to 50 000 kW. 
occasionally: and more than four poles are unusual. 

A typical field magnet for a multipolar dynamo is shown in 
Fig. 8.02. It consists of the field core (or magnet core or pole) 
usually of cast steel but sometimes of wrought iron. Round this is 
placed the field coil of D.C.C. copper wire. The poles project 
radially inwards from the yoke of cast steel or cast iron, and they 
each terminate in a pole-shoe of cast steel, or cast or wrought iron. 
The consecutive pole-shoes are north and south alternately. 
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The narrow space between the pole-shoes and the armature core 
is called the air-gap^ or simply the gap. The object of the pole- 
shoes is to spread the magnetic flux over a large area in passing 
across the gap, and so to diminish its reluctance (cf. Chapter IX., 
Art. 22). The general path of the flux is shown by the dotted lines 
in Fig. 8.02, from which it will be seen that the yoke carries only 
half the pole flux (neglecting leakage). 

Further, there are as many magnetic circuits as there are poles, 
but the M.M.F. acting in each circuit is due to the ampere-turns 
of a pair of poles. 

4. Armature Cores 

The armature core supports the armature conductors and causes 
them to rotate. Its most important function, however, is to 
provide a path of low reluctance for the flux through the armature 
from the N. pole-shoes to the S. ones. It is therefore made of iron 
or steel of high permeability, Swedish iron being often employed. 

The use of slotted or toothed armature cores (see Chapter X). 
has several advantages, viz.:— 

(a) The air-gap can be reduced to what is required for mechanical 
clearance, thus diminishing the reluctance of the magnetic circuits. 

(b) The conductors are positively driven, so that there is little 
fear of' them being displaced. . 

(c) The drag on the conductors is greatly diminished, so that 
their insulation is in no danger of damage by pressure (see Chapter 
XL, Art. i). 

Such cores are therefore universal in modem machines. 

Since the core rotates it cuts lines of force, and has an E.M.F. 
induced in it in the same direction as that in the conductors. This 
E.M.F. sets currents flowing in closed paths in the core, heating it 
and causing a waste of power. In a solid core these effects would 
be enormous, therefore the core must be laminated^ i.e. built up of 
thin plates so as to diminish the loss due to these eddy currents (see 
further Chapter XII., Art. 3). 

The direction of lamination must be perpendicular to the E.M.F., 
i.e. perpendicular to the shaft in the ordinary type of generator. 
These laminations (or core discs or stampings) are usually from 14 
to 20 mils thick, and are insulated from each other by varnish, 
either shellac or preferably japan, or by oxidization of their surface. 
Thin paper was used, but has been abandoned owing to the expense. 
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5. The E.M.F, of an Armature Conductor 

Since the flux-density in the air-gap rarely exceeds 10 000 lines 
per sq. cm., and the peripheral (or surface) velocity is not usually 
higher than 5 000 ft. per min. (about 2 500 cm. per sec.), the E.M.F. 
generated in a conductor 30 cm. {i.e. nearly i ft.) long is not more than 

io_ooo X3Q X _ 25g Q^ 

TO® 

Therefore to obtain voltages of 230 to 525, which are usual in 
generators, a number of conductors must be connected in series so 
as to add together their E.M.F.s. 

The direction of the E.M.F. is given by the Right-Hand Rule, 
vi2. Place thumb, fore-, and 
middle fingers of the right hand 
at right angles. Point thumb in 
direction of motion of conductor, 
and forefinger in direction of flux; 
then the middle finger gives direc¬ 
tion of E.M.F. 

Since the poles are alterna¬ 
tely N. and S. the E.M.F. of any 
conductor changes its direction 
every time it passes from under 
one pole to the next. This has 
two results in D.C. generators:— 
[a] A commutator is necessary 
to make the E.M.F. applied to 
the external circuit direct, i.e. 
always in the same direction. 

{b) If a conductor is connected 
to another under an opposite (in 
the magnetic sense) pole their E.M.F.s act in the same direction 
round the loop (Fig. 8.03). 

The way in which these loops are joined together depends on 
the type of armature winding adopted. 

6. The Commutator 

The commutator consists of a number of segments of hard copper 
usually drop-forged. They are insulated from each other by sheets 
of mica, and from the frame on which they are mounted by 
micanite rings (see Chapter X., Art. 19). The segments are con¬ 
nected to equidistant points of the armature winding. 



H) 


^ . V 

Fig. 8 . 03.—Armature Loop. 

(a) Elevation. (6) Plan, 

'ownward B.H.P. O Upward B.M.F. 
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The stationary brushes rest on the segments and thus take 
current to and from the required points of the winding, these 
continually changing as the commutator rotates with the armature. 

The ef ect is the same as if the brushes rested directly on the 
armature and made contact with its conductors as they passed under 
the brushes. 


7. Bar and Coil Windings 

In place of the single loop of Fig. 
8.03 a coil of two or more .turns can 
be used giving an increased voltage 
(see Fig. 8.04). The problem of con¬ 
necting up the various coils is the 
same as that of connecting up the 
single loops. The latter case will be 
taken for simplicity in the following 
paragraphs, but these apply to the 
former case also if ‘‘ coil sides be 
substituted for ''conductors'' and 
' ‘ coils '' for " loops. ’' The two forms 


ELEVATION 



PLAN 


Fig. 8.04.--ARMATURE Coil. 
AB, Ends of wire forming coil. (These 
are longer than shown in drawing, and 
are connected to the commutator 
segments.) 


are known as bar windings and cod windings respectively. The 


latter are usual in small dynamos where the requisite E.M.F. 


cannot be obtained with a bar winding without an excessive 


number of loops and consequently of commutator segments. They 
are generally made by winding D.G.C. wire on a suitably shaped 
wooden former, and binding the turns together with cotton tape. 
The conductors are arranged most conveniently in two layers, 
and each loop comprises one conductor 



in each layer. Using this plan the end 
connexions can be amanged easily so as 
not to interfere with each other (see Figs. 
8.06 and 8,07). 

The simplest windings contain only 
two conductors (or coil sides) per slot, 
and this arrangement will be assumed 


Fig. 8.05. in what follows. 

The end connexions are nearly always 


kept at the same distance from the shaft as the active conductors. 
This is known as barrel winding. An alternative is to place them 
at right angles to the conductors, forming the evolute winding, so 
called from the usual shape of the end connectors (see Fig. 8.05). 
Intermediate forms are used also, and are called bastard windings. 
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8. Lap and Wave Windings 

These are the two arrangements chiefly employed, though 
occasionally an intermediate type is used. All are of the closed coil 
type, i.e. the winding forms a complete closed circuit. 

If a lap winding starts with the top conductor in one slot and ' 
the bottom conductor in another (forming a loop as already 
described), it then proceeds to the top conductor next to the first one 
(Fig. 8.06). This top conductor is half of a loop, which is-similar 
to the first loop but is one slot away from it: thus two loops have 
been joined in series. This method of connexion is continued until 
all the loops have been joined and the winding returns to the 


CONDUCTORS IN CONDUCTORS 



Fig. 8.06. Lap Winding. of first loop. B, Bottom conduc- 

AG, First loop. BD, Second loop, tor of first loop. 0, Top conductor of second loop . 


conductor from which it started. The name comes from the way 
in which successive loops overlap the preceding ones. 

In a wave winding the bottom conductor of the first loop is 
connected to a top conductor about two pole pitches away from the 
first top conductor (see Fig. 8.07). Thus the connexions always 
proceed in the same direction round the armature (instead of in 
alternate directions) forming a wavy winding, whence its name. 
It returns to A after going through all the other conductors. 

9. Winding Rules 

The pitch of a winding is the distance round the armature 
between two successive conductors which are directly connected. 
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The back pitch is the distance between the two conductors 
which form a loop (see Fig. 8.08). 

The front pitch is the distance between the second conductor of 
one loop and the first conductor of the next loop, which are connected 
together at the front (or commutator) end of the armature. 

The resultant pitch is the distance between the beginning of a 
loop and the beginning of the next loop to which it is connected. 

The resultant pitch is therefore 
the sum of the front and back 
pitches. If these run in opposite 
directions one of them is called 
negative, and the resultant pitch is 
still their algebraic sum. 

All these pitches are usually 
stated in numbers of conductors. Commutator segments. 

Sometimes the number of slots, or Fig. 8.08.— Winding Pitches. 
the number of commutator bars (for = back pitch. K, = front pitch, 
the resultant pitch), is given instead = resultant pitch, 

or in addition. 

The following rules must apply (see Art. 8):— 

In Lap and Wave Windings, [a) Front and back pitches are 
each nearly equal to the pole pitch. 

ip) Both pitches are odd, so that all end-connexions are between 
a conductor at the top of a slot and one at the bottom of a slot. 
This is for convenience in arranging the end-connexions (see Art. 7). 

In Lap Windings, (c) The resultant pitch is 2, i.e. the front 


(a) Two bars per slot. (6) Four bars per slot. 

Fig. 8.09. —Numbering of Armature Conductors. 

and back pitches are of opposite sign and difer numerically by 2. 
The conductors are numbered round the armature. Calling (say) 
the top bar in one slot No. r, the bottom bar in the same slot will 
he No. 2, the top bar in the next slot No. 3, and so on [see Fig. 
8.09 (a)]. Thus all the top bars have odd numbers and all the 
bottom bars even ones. With more than two bars_ per slot this 
numbering is carried out on the same principle [see Fig. 8.09 p)]- 
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In Wave Windings, (d) The front and back pitches are of the 
same sign and are usually equal, and therefore half of the resultant 
pitch. [They may differ by 2 if it is wished to make the resultant 
pitch a multiple of 4.] Further, to make the winding perfectly 
symmetrical it must, after going once round the armature, return 
to one of the two top conductors next to the one from which it 
started. Now the pitches are nearly equal to the pole pitch, and 
therefore the winding will return nearly to where it started after a 
number of steps equal to the number of poles. 

Let y — front pitch = back pitch. 

Then y x No. of poles == No. of conductors i 2, 
or— 3; X 2^ = N ± 2 


N 4:2 



[if the pitches differ by 2 they are respectively one more and one 
less than y (which is then the average pitch) and the above relation 
still holds]. 

Since y must be a whole number it follows that for a wave 
winding the number of conductors with 2 either added or subtracted 
must be a multiple of the number of poles, 

or N = 2^3/ ± 2 

and No. of coils ==^py ± i. 

In the case of a lap winding any even number of conductors 
may be used. 

10. Winding Tables 

Any method of winding may be shown by means of a table. 
This is illustrated for both lap and wave windings for a 4-pole 
armature with 182 conductors (180 would be inadmissible for a 
wave winding). 

182 

Pole pitch = — = 454 conductors; 

4 

Pitches for lap winding may be 45 and — 43. 

(These are taken rather than 47 and — 45 so as to shorten the 
end-connexions.) 

/. Pitches for wave winding may be 45 and 45 (or 45 and 47). 
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Lap Winding 


Front 


L 

II. 

III. 

LXVIII. 

LXIX. 

LXX. 

LXXI. 

xc. 

XCI. 


Back 


46 

48 

50 

I So 
1S2 
2 
4 

42 

44 


Front 


IL 

III. 

IV. 

LXIX. 

LXX. 

LXXI. 

LXXII. 

XCI. 

1 . 


3 

5 

135 

137 

139 

141 

179 

iSi 


AVave Winding. 


F. 


B. 


F. 


B. F. 


I. 

I 

46 

XLVI. i 

91 

136 

XCI. 

XCI. 

181 

44 

XLV. 

! 89 

134 

xc. 

XC. 

179 

42 

XLIV. 

87 

132 

LXXXIX. 

LXXI. 

141 

4 

XXV. 

49 

94 

LXX. 

LXX. 

139 

2 

XXIV. 

47 

92 

LXIX. 

LXIX. 

137 : 

182 

XXIIL 

45 

90 

LXVIII. 

XLIX. 

97 

142 

III. 

5 

50 

XLVIII. 

XLVIII. 

95 

140 

IL 

3 

48 

XLVII. 

XLVII. 

93 

138 

I. 

I 




The Roman numerals refer to commutator segments, the number 
of which is half that of the conductors, i.e. equal to the number of 
loops. The first table means that the winding goes from segment 
I by conductor i across the back to conductor 46 and at the front 
to segment IL, this forming one loop. Then from segment II. 
through conductors 3 and 48 back to segment III., and so on until 
the winding returns to segment I after using all the 1S2 conductors. 

The second table is similar except that two loops are used (three 
in a six-pole, and so on) before coming to a segment next to the 
one from which the winding starts. 

In both cases the conductor numbers in each column have a com¬ 
mon difference 2, and the segment numbers a common difference i. 

i6 


E. E., VOL. I. 
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II. Winding Diagrams 

An alternative method of showing a winding is by means of 
diagrams, several varieties of which are employed. They are best 
described by means of examples. 

Fig. 8.10 shows the winding used in the motor of the Elihu 
Thomson meter (Chapter VIL, Art. 17). It is a two-pole winding 
with 8 coils, which are not wound in slots. The circular dots 
represent the 16 coil-sides, the full lines the connexions at the 
commutator end (including the connexions to the commutator) and 
the dotted hnes the connexions at the back end. The winding 
pitches are 7 and — 5. 

A modification of this type of diagram is the radid diagram, 



Fig S.io.—W inding Diagram of Motor of Elihu Thomson Meter. 

BB, Brushes resting on commutator. CO, Current-carrying coils producing X. and S. poles. 
(X.B.—One coil, 3 - 8 , and one end connexion, 8 - 1 , are shown in thicker lines.) 

which has the advantage that the front and back connexions do not 
overlap and the disadvantage of occupying more space. Fig. 8.11 
is a radial diagram of a 4-pole lap wdnding with 36 conductors and 
wind-pitches of 9 and — 7. 

The conductors are arranged in two layers, the upper ones being 
shown by thick lines and the lower ones by thin lines. The two 
which he in the same slot may be drawn nearer to each other than 
to those in other slots. The positions of the poles are indicated 
as shown. The commutator is drawn as two concentric circles, 
with the space between divided into as many equal parts as 
there are segments (18 in the example). The brushes are marked 
inside the inner circle, so as to leave the front connexions clear. 
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The developed diagram (Fig. 8.12) is obtained by imagining the 
cylindrical surface of the armature to be cut by an axial plane and 
then flattened out. The example shows a 6-pole wave winding 


with 44 conductors, and both winding pitches 7 




Fig. 8,11 .^—Radial Diagram of 4-POLE Lap Wixdixg. 

NSNS, Poles. 4 -{-Brushes. 

(N.B.—One coil, 3-10, and its end connexions are shown in thicker lines.) 


The poles are indicated by section-lined areas with the lines for 
the N. poles drawm parallel to the diagonal of the N, and those 
for the S. poles at right angles to these. If the conductors move 
in front of the poles, then the direction of the E.M.F. produced 
is the same as the direction in w^hich the lines pass along the 
conductors (see Fig. 8.13). 
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MOTION OF ARMATURE 







COMMUTATOR //// //// 

SEGMENTS ^-va 

Fig. 8.12 .—Developed Diagram of 6-pole Wave Winding. 

(N.B.—One set of 3 coi’s (1-8,15-22,29-36) is shown in thicker lines.) 

The truth of this rule can be seen by applying any of the usual 
rules for the direction of induced E.M.F., see Art. 5. The direc¬ 
tion is marked for some of the conductors in Fig. 8.12. 

12. The E.M.F.S in a Lap Winding 

In any closed coil winding the E.M.F.s must balance, otherwise 
the resultant E.M.F. will cause a current to circulate in the winding, 
causing unnecessary heating and consequent waste of power. 

This condition is satisfied in both lap and wave windings, but 
in different ways. 

Let A, B, C, D, etc. (Fig. 8.14), be points midway between the 
poles. Consider only the top conductors, i.e. treat the lower con¬ 
ductors as return leads (or connectors) whose E.M.F. always assists 
that of the top ones to which they are connected. 

In a lap winding all the 
1 n conductors which, at any 

instant, lie between A and B 
w connected in series, so that 
^ '^///^ ^ E.M.F.s add up. Next, 

w v/ ^ 

^ Y/////// _ ^ number of conductors with 

- m-<-M equal but opposing E.M.F.s. 

T Thus the whole wining can be 
®' subdivided into as many bands 
Fig. 8. 13.-E.M.F. AND Section Lines, of conductors as there are poles, 

mm, Direction of ntoMon ofcondnetom Foxing the same 

ee, Direction of resulting E.M.F. E.M.F. in a direction which 
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Fig. S.14. —Directions of Currents in Armature and in Brushes. 

.1 B C D, Brashes. 0 Upward current in armature conductor. 

0 Downward current in armature conductor. 

is reversed on passing from any band to the next. The total 
E.M.F. round the whole winding is therefore zero. 

By placing stationary brushes so that they are connected to the 
conductors at A, B, C, qtc., the E.M.F. of a group of conductors 
can be used to drive a current in a fixed direction through an external 
circuit. Further, since the E.M.F. from A to B is equal but opposite 
to that from B to C, A and C may be connected together and to 
every alternate brush. The same applies to B, D, etc. 

The connexions may be compared to a ring of cells con¬ 
nected -fve to 4-ve and — ve to — ve (Fig. 8.15), with leads to 
the external circuit taken off at their junctions. 

The following relations evi¬ 
dently hold in all lap windings:— 

No. of armature circuits = No. of 
poles = No. of brushes. 

Current in external circuit == (Cur¬ 
rent in each armature conductor) 

X (No. of poles).- 

It should be noted that though 
the current in the external circuit 
is always in the same direction, 
that in any particular armature 
conductor reverses each time the 
conductor passes the points A, 

B, C, etc. (Fig. 8.14). 

The change from the reversing 8,15. —Cells connected 

or alternating current in the represent an S-pole Lap 

armature to the direct external Winding. 
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current is due to the collection of the current at points, fixed in 
space, but changing their position in the armature as it rotates. 

13. The E.M.F.S in a Wave Winding 

On applying the above method to a wave winding it will be seen 
that a (top) conductor between A and B is connected to one between 
C and D and so on to a conductor under each N. pole in turn, 
returning to the conductor next to the one from which the start 
was made. Thus all the conductors under the N. poles are connected 
so as to add up their E.M.F.s. 

The winding then proceeds through the remaining half of the 
conductors, which lie under S. poles and so produce an equal but 
opposite total E.M.F. The E.M.F. round the whole winding is 
again zero. In this case therefore the winding falls into two groups 
whatever the number of poles. Consequently two brushes, say at 
A and B, are sufficient for taking the current to and from the 
external circuit, but a larger number (up to the number of poles) 
may be used. If two only are employed they are usually placed a 
pole pitch apart (viz. 90° in 4~pole, 60° in 6-pole, 45® in 8-pole, etc.), 
but they might be placed any odd number of pole pitches apart, 
135° 8 -pole winding. 

The following relations hold (cf. previous Art.):— 

No. of armature circuits = 2. 

Current in external circuit 

= (Current in each armature conductor) X 2. 


14. E.M.F. Formulae 

Let n = rev. per min. of an armature, 

0 = armature flux (total lines) per pole, 

2p = number of poles, 

2a = number of armature circuits, 

N = number of armature conductors, 

^ ~ number of armature loops = N/2. 

When an armature loop moves from the position in which it 
embraces the whole of the flux from a N. pole to a similar position 
opposite the next S. pole the flux changes by 20, i.e. from + ^ ^0 
— 0 ; or, in other words, it cuts each of the 0 lines twice. The 
movement to effect this is i/z^th of a revolution. 
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Now the time of i revolution is - th of a minute or - seconds. 

n n 

so that the time of ^th of a rev. is ^ sec. 

2p 2p n 

Therefore the average E.M.F. induced in one turn 


_ _ 20.2pJl ^ 


, --a volts (see Art. i). 

I 60 o 60.10® ^ ’ 

—• - - 10 ^ 

2p n 

This is the same for each turn, and the number of turns series 
_ _ N- 

~~ 2a ~~ 4a 

Total (avg.) E.M.F. of armature 

_ N ^^^N 2p , 

— 60 X 10® ^ ^ ~ 60 X 10® ^ ^ 

_ 20 n 75 ^ 

“ 60 X 10® ^ d: 

For a two-pole or a lap-wound armature, a^p (seeArt. 12 
and the formula becomes 

„ 0nN 

E = g volts. 

60 X 10® 

For a wave-wound armature a = 1 (see Art. 13); 

0n^ , ,, 

• E _ ^-- X p volts. 

60 X 10® ^ 

The above are strictly only average values, but unless the 
number of loops is very small the total voltage is practically con¬ 
stant, though the voltage of any one loop varies between zero and 
a maximum. 


Example l. The flux in a four-pole direct current dynamo is 2 megalinesper 
pole. The armature has 740 cmiductors and is lap-wound. What is the induced 
electromotive force when the speed is 1000 revolutions per minute ? 

(C. & G., ILl 

Here ^ = 2 X 10® lines, 

n — 1000 r.p.m,, 

N = 740. 

Therefore since the armature is lap-wound 

_ 2 X 10® X 1000 X 740 

^ == to X io» “ 60 X 10® 

= 247 volts. 
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15. Homopolar Generators 

Homopolar is the name given to a type in which the E.M.F. in 
the armature conductors is always in the same direction. 

This is effected by making the poles extend completely round the 
armature so that every part of the winding is always under a pole 
of the same sort (hence the name) instead of alternate N. and S. 
poles. This has the advantage of avoiding the need of a commu¬ 
tator. 

The main drawback is that, in order to connect two or more 
conductors in series, slip rings and brushes (or some equivalent 
arrangement) must be used, with consequent losses. The conditions 
favourable to the success of this type are— 

{a) low voltage, to diminish the number of conductors in series; 

(b) large current, so that the machine is large and the length of 
a conductor considerable; 

(c) very high peripheral speed so as to increase the volts per 
conductor; this can be higher the larger the machine, since 
centrifugal force varies inversely as the (hameter for a given 
peripheral speed. 

By using a number of slip rings at each end the voltages of 
several conductors may be put in series, but this adds to the cost 
and the losses. , 

Several generators of this type have been built, e.g. one for 
7 700 A. at 260 V. by B. G. Lamme with a peripheral speed of over 
13 000 ft. per min. (see The Electrician, vol. LXix, p. 662). No 
general use of the principle- has been made successfully. 

16. Multiple and Multiplex Windings 

It is sometimes advisable to split the current up into more parts 
than there are poles, so as to use smaller armature conductors. 
This can be done by placing two independent lap windings on the 
armature. One of these will fill every other slot (with two bars per 
slot) and be connected to every alternate segment of the commu¬ 
tator. The other will occupy the remaining slots and be connected 
to the other segments of the commutator. Each winding then 
supplies half the total current, so. that the current in each armature 
conductor is only half that in the case of a simple lap winding. 

Such a winding is called a double winding. The principle may 
be extended by placing three or more independent windings on the 
armature. These would be called triple, quadruple, etc., windings. 
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The circumferential width of the brush must be at least 2, 3, 4, etc., 
times that of the commutator segments, so as to make proper 
connexion with all the independent windings at all times. 

The same principle may be used with wave windings if it is 
desired to have a dynamo with more than two armature circuits 
without using a lap winding. 

Multiplex (or multiply re-entrant) windings are a modification 
of these multiple windings, and produce the same result in a slightly 
different way. For example, a doubly re-entrant (or duplex) lap 
winding requires an odd number of slots. This winding starts like 
a double winding, i.e. omitting alternate slots and commutator 
segments. When it has passed completely round the armature it 
does not return to the bar from which it started, since it moves on 



Fig. 8.16. —Double and Duplex Ring Windings. 

two slots at a time and the total number of slots is odd. Instead 
it comes to one of the slots omitted at first. It then passes com¬ 
pletely round the armature again, filling the remaining slots and 
finally returning to the original bar. Thus there are not two 
independent windings, and yet there are twice as many circuits 
through the armature as there are pairs of poles. 

The difference between the double and duplex windings is 
illustrated by the two-pole ring windings shown in Fig. 8.16. 

In both there are four circuits through the armature, but in the 
double winding alone there are tw-o independent windings. 

The wdnding rules of Art. 9 have to be modified as follows:— 
Lap winding, multiple or multiplex (multiply re-entrant). 

Resultant pitch = 4, 6, 8, etc., 
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according as there are 2, 3, 4, etc., times as many armature circuits 
as poles. 

If the number of bars is divisible by the resultant pitch the 
winding is multiple. 

For a multiplex winding the number of bars ±2 must be 
divisible by the resultant pitch. 

Wave winding, multiple or multiplex. 

. . . ih (number of circuits) 

Average pitch =--- 

and N = 2 i (number of circuits). 

If the number of bars is divisible by the number of circuits and 
if N = {pm i i) X (number of circuits)* the winding is multiple. 

For a multiplex winding the average pitch must have no common 
factor with the number of circuits: e.g. for a duplex winding the 
average pitch must be odd. 

It is possible, but unusual, to have a winding combining both 
methods, e.g. a double duplex wave winding, giving eight circuits. 
For this particular case the resultant pitch must be divisible by 
four, but not by eight. 

N.B.—^The above nomenclature differs from that used by other 
writers. S. P. Thompson {Dynamo-electric Machinery, Continuous 
Current Machines) reverses multiple and multiplex, but uses multiply 
re-entrant in the same sense as above. Parshall and Hobart {Arma¬ 
ture Windings) employ different terms again, as shown by the 
following examples:— 

Symbol. Author. S. P. Thompson. Parshall & Hobart. 

Single triply re- Simplex triply re- Singly re-entrant 
entrant entrant triple 

(or single triplex) (or simplex triple) 

Double singly re- Duplex singly re- Doubly re-entrant 
^ ^ entrant entrant double 

(or double simplex) 

17. Equalising Rings 

Equalising rings are often fitted to lap-wound armatures. In 
such armatures the current flowing through each of the brush sets 
should be the same. If, however, the fluxes from and to the 
various poles are unequal this will not be the case. The conductors 
under the stronger poles will generate larger E.M.F.s, and therefore 

* m is any whole number, and is equal to the average pitch of each winding 
considered by itself. 
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will carry larger currents (cf. the case of several cells of equal 
resistance but different E.M.F.s connected in parallel). 

By connecting together a number of points in the winding which 
would be at equal potentials if the fields were equal, the differences 
in the brush currents are diminished. The conductors which connect 
these points are called equalising rings, and each of them can be 
connected to as many points in the winding as there are pairs of 
poles. They do not equalise the currents in the armature conductors 
under the poles, and only become effective when the conductors to 
which they are connected are close to the positions of commutation. 
They therefore have little effect on the copper losses in an armature 
in an unsymmetrical field; they may even increase these losses. 

The advantage of their use is the avoidance of commutator 
troubles due to excessive currents in some of the brush sets. 
Several equalising rings must be fitted so as to obtain this advantage 
in all positions of the armature: six is the usual number, but a 
larger number is more effective. 

QUESTIONS ON CHAPTER VIII 

1. Enumerate the essential parts of a D.C. dpamo, writing them down 
in a table, and opposite each briefly explain the object and action of each part. 

[C. & G., I. 

2. Draw a diagram of connexions for a drum armature with 20 conductors, 
showing commutator and position of brushes. Show how the current flows 
in the various parts of the winding, and state what changes occur as the 
successive sections of the commutator pass under the brushes. 

3. If a 4-pole lap-w'ound generator driven at 950 r.p.m. has 421 armature 
turns and generates an E.M.F. of 115 volts, find the armature flux per pole. 

If it were wave-wound what difference would be caused in the E.M.F., 
current, and output ? 

4. Draw a radial diagram for a 4-pole armature with 23 coils, simple 
wave-wound. Show the positions of the poles and of the brushes, and the 
end-connexions of at least seven coils including connexions to commutator. 

5. Draw up a winding table for the above armature, including commu¬ 
tator segments and brush positions. 

6. Draw a developed diagram for a 6-pole lap-umund armature \rith at 
least 50 coils. Show positions of poles and brushes, and mark polarit3.^ 

7. Draw a developed diagram for a 6-pole lap-wound armature with 
27 coils. Show positions of poles and brushes, and the end-connexions of at 
least 5 coils including commutator connexions. 

8. Draw up a winding table for a 6-pole lap-wound armature with 
between 40 and 50 conductors, and indicate one position of the brushes. 
Draw also a diagram showing six consecutive turns of the winding and their 
commutator connexions. Could the same armature be w'ave-wound? If 
not, what change is necessary ? 

State the pitches for the wave-winding in conductors and in slots. 
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9. In what way must the formula for the E.M.F. of a 2-pole simple 
winding be modified for the cases of multiple and multipolar windings ? 

Calculate the E.M.F. for a 6-pole wave (or series) wound machine with 
480 conductors, i-6 x 10® lines per pole, at 600 r.p.m. 

10. Give a winding table for a duplex 4-pole lap-winding for 62 conductors. 
Also draw a diagram (radial or developed] showing poles and five turns (ten 
conductors) of the winding. 

11. A 500-volt generator running at 750 r.p.m. has 83 slots and 12 con¬ 
ductors per slot on the armature, whilst the field winding consists of 6 500 
turns of 22 S.W.G. per pole. Can this winding be adapted so as to make the 
machine generate 220 volts at the same speed ? If it is necessary to re-wind 
it, -work out the new armature and field windings. [Lond. Univ., El. Mach. 

12. Which of the following numbers of conductors, 204, 206, and 208, can 
be used for a simple wave-winding for 6, 8, and 10 poles respectively ? 

State the pitches for each possible case. 

13. A 4-pole armature is to have over 52 conductors. Find the least 
possible number if it is to be— 

(a) Simple wave-wound, 

(b) Double wave-wound, 

(c) Duplex wave-wound. 

State the pitches in each case. 

Wliat is the difference between windings (b) and (c) ? 

14. (a) A 6-pole D.C. armature has no slots and 220 commutator 
segments. Each slot contains 4 conductors. Show how these conductors 
could be connected so as to form a simple wave, or 2-circuit winding. 

(6) What are equalising, or equipotential connexions in an armature 
winding? What is their purpose? Can they be applied to a winding such 
as that in {a) ? [Whitworth Senior Scholarship. 



CHAPTER IX 

ARMATURE REACTION AND COMMUTATION 

1. Armature Reaction 

When the external circuit of a generator is closed a direct 
current flows through it. The current in any particular armature 
conductor reverses at very short intervals, but the current in the 
conductor which is in any particular position [e.g. under the middle 
of a N. pole) is always in the same direction (see previous chapter, 
Art. 12). These armature currents produce magnetising forces 
which aflect the magnetic field due to the magnets and their wind¬ 
ings, and these effects are called armature reaction. As long as the 
armature current remains constant and the brushes are not moved 
the M.M.F. of the armature remains constant in magnitude and 
direction, and is unafiected by the rotation of the armature for the 
reason given above. 

The armature reaction may be divided into two components:— 

[а] The cross-magnetising or distorting eflect. 

(б) The demagnetising or weakening effect. 

Their relative magnitudes depend on the amount of lead of the 
brushes. These are said to be in the position of %o lead when they 
make contact with the commutator segments which are connected 
to the armature conductors lying midway between the poles: these 
conductors are continually changing as the armature rotates, but 
the brushes are always connected to those which occupy the midway 
position at each instant. The actual position of the brushes 
depends on the connexions between the armature winding and the 
commutator, their no lead position is usually either midway between 
the poles or opposite the centres of the poles, but may be anywhere. 

2. The Cross-Magnetising Effect 

The cross-magnetising effect of armature reaction is the only 
one that occurs when the brushes have no lead. Fig. 9.01 [a) 
shows the directions of the flux due to the field-magnet windings, 
and of the currents in the successive bands of armature conductors. 
The resulting M.M.F.s of the latter are as shown by the arrows in 
(6), viz. alternately inwards and outwards (or alternate S. and N. 
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polarity) viith maxima midway between the field poles. The actual 
field mil be the result of these armature M.M.F.s and of those due 
to the field windings, and it can be seen by comparing (a) and (b) 
that the efect of the former is to weaken one half of each pole and 
to strengthen the other half. 

The weakened halves are those under which the conductors first 
come as they rotate, hence called “ leading.” The result may be 



Fig. 9.01. —Distorting Effect of Armature Reaction. 

(a) Flux due to magnet windings alone. (&) M.M.P. due to armature currents 
(shown by arrows). 

N N, North poles. S, South pole. s s, Portions of field strengthened, 
w w. Portions of field weakened. 

stated thus:— Armature reaction in generators weakens the leading 
foie tips and strengthens the trailing pole tips. 

The general truth of the above can be confirmed by noting the 
effect of reversing the rotation of the armature. This reverses the 
E.M.F. and consequently the armature current. The armature 
reaction is therefore reversed, those parts of the field being weakened 
which were previously strengthened, and vice versa. But the pole 
tips which were previously trailing are now leading. So, as before, 
the leading pole tips are weakened. 
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The average M.M.F. 
is unchanged, for the C 

decrease over one half 
of each pole is exactly 
counterbalanced by the 
increase over the other 
half. Nevertheless there 
will be a slight decrease 
in the flux per pole 9*02.—Weakening Effect of Armature 

because the increased REACTIo^. 

permeability of the 
weakened half is insuffi¬ 
cient to compensate for the decreased permeability of the strength¬ 
ened half. (See Art. 5.) 

3. The Demagnetising Effect 

Owing to the cross-magnetisation of armature reaction the 
neutral points (i.e, the points of zero field) are shifted in the direction 
of rotation from the positions, midway between the poles, which 
they occupy when there is no armature reaction. The brushes, if 
they are still to be connected to the conductors in the position at 
which their E.M.F. reverses (see Chapter VIII., Art. 12), must be 
given a lead (ie. shifted in the direction of rotation). 

When the brushes have a lead the M.M.F.s of the armature 
conductors are rotated by the same amount. 

A reference to Fig. 9.02 will show 
that there is now a weakening effect 
in addition to the distorting effect. 

To separate the two effects consider 
the conductors from the one directly 
connected to the brush to one l}ing 
the same distance behind the mid 
position. It will be seen that the 
effect of each such band is to weaken 
both the neighbouring poles. By com¬ 
bining such a band Tnth conductors in 
neighbouring bands, a number of demag¬ 
netising turns are formed. This num¬ 
ber multiplied by the current in each 
armature conductor gives the back 
for demagnetising) ampere-turns per 
pair of poles. (See Art. 4.) 


B 



Fig- 9.03 .—Cross and Back 
Ampere-turns in 2-pole 
Generator, 

BB, Brushes. 

HH, Cross-magnetising turns. 
VV, Demagnetising turns. 
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The intermediate larger bands form the cross-magnetising turns, 
from which similarly the cross ampere-turns can be calculated. 

Fig. 9.03 illustrates the special case of a 2-pole generator, and 
shows the origin of the term cross ampere-turns. 


4. Allowance for Armature Reaction 

As an example consider a lap-wound armature for an 8-pole 
field with 264 slots and 6 conductors per slot. Total current 728 
amperes. The back ampere-turns are calculated as follows:— 

Number of conductors per pole = ^^4 ^ ^ „ ^-^3. 


.*. No. of conductors in each interpolar gap = 198 x 


interpolar arc 
polar pitch 


= X98x;-g = 58. 


(The numerical values are assumed here, their calculation is given 
in Art. ii.) 

On the assumption that the brushes are shifted up to the leading 
pole tips this is also the number of demagnetising turns per pair of 
poles (see Fig. 9.04). Since the armature is lap-wound the current 
per conductor is 728/8 = 91 amp.; 

back ampere-turns per pair of poles = 91 x 58 = 5280. 

The ampere-turns on the poles to compensate for this must be 
somewhat greater because of the increased leakage. This may be 
allowed for by multiplying by the leakage factor; 

compensating ampere-turns on poles = 5280 x 1*2 = 6340. 



B B. Brushes. M M M, Midway positions. 

O Upward current. Downward current. 
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5. Reduction of Flux by Cross Ampere-Turns 

The reduction of the flux by the cross ampere-turns arises in the 
following way. The flux is crowded to one side of each pole-piece 
(see Art. 2) and the permeability of these sides and of the portions 
of the armature under them is therefore reduced. The increased 
permeability of the parts in which the flux is diminished compen¬ 
sates for this only partially, as is shown below. 

Let AB (in Fig. 9.05) represent the M.M.F. (in ampere-tums) 
applied to the air-gap and teeth under one pole when there is no 
armature current. The value is constant, i.e. AL = BM. Let 
AC = BD = cross ampere-turns per 
pole with a certain current (lo amp.) 
in the armature. Then the straight 
line CD represents the M.M.F. when 
modified by the effect of the cross TTs. 

The value at the centre of the pole 
is unchanged by distortion. 

By choosing suitable scales AB can 
be made to represent also the flux- 
density, and the area'ABML the total 
flux in the gap under this pole. 

With a smooth core the permea¬ 
bility of the gap is constant. There¬ 
fore the flux-density is changed in 
the same proportion as the M.M.F., 
i.e. CED represents the flux-density 
with la amp. flowing in the armature. 

The total flux is equal to the area 
CDML, which is equal to ABML. There¬ 
fore in this case there is no weakening 
of the field as a whole by the cross ;rs. 

The effect of change of permeability in the pole-pieces and armature 
is slight, since the lines of force become nearly uniformly dis¬ 
tributed a short distance from the surfaces of these two. 

When the core is toothed CD still represents the M.M.F., but the 
flux-density is reduced to GM on the crowded side, and increased 
to FL on the other. The value at the centre is still EN. 

The total flux is FGML and this is less than ABML. Since the 
M.M.F. varies uniformly across the pole, FEG is a portion of the 
saturation curve for the gap and teeth (see Fig. 9.06). And as the 
slope of a saturation curve decreases steadily GEB is necessarily 
less than AEF. 



Fig- 9 - 05 -—Reduction of 
Flux by Cross Ampere- 
turns. 

L M = Pole Arc. 

L N = N M. 


E. E., VOL. 1 . 
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To bring the flux back to its original value, FGML must be shifted 
to a new position F'G'M'L', which makes F'G'M'L' = ABML. 
This position can be determined by making one or two trials. 

The extra ampere-tums needed to effect this = LL' = MM'— 
NN', where N' is the middle point of L'M'. (See Art. 12.) 

6. Calculation of Field Ampere-Turns 

The calculation of field ampere-turns for a generator is done by 
dividing each magnetic circuit up into a number of portions, in each 
of which the flux-density is approximately constant. If the flux is 
known and the dimensions of each part, the ampere-tums required 



Anipere-iurns for gap and teeth. 

Fig. 9,06. —Compensation for Distortion. 


for each can be calculated by the formula TT = o-8— (see Chapter 

IV., Art. 15). The flux-density (B) at any point is obtained by 
dividing the flux by the cross-sectional area of the magnetic circuit 
at that point. B-H curves or tables for the materials used may 

g 

then be employed to obtain the value of - (— H) corresponding to 
the calculated value of B. It is, however, more convenient if the 
curves, or tables give ampere-tums per cm. 0*8-^, or ampere- 

turns per inch = 0-313 —), directly instead of -• 

\ [I / IJL 
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When the ampere-turns for each portion have been calculated 
they are added together to obtain the total ampere-turns required. 
Owing to the symmetry of the magnetic circuit this may be done 
either for the whole circuit, or for half of it. In the former case the 
result is the ampere-turns per pair of poles, and in the latter case 
the ampere-turns per pole, so that it is of small importance which 
method is used. 

7. Magnetic Leakage Allowance 

One difficulty is the allowance for magnetic leakage (cf. Chapter 
IV., Art. 17). This is taken into account by taking two values for 
the total flux, one for the armature core and the air-gaps, and a 
larger one for the rest of the magnetic circuit. It would be more 
accurate to take different values of the flux for each part of the 
magnetic circuit, but since some of the data are necessarily inexact 
this is an unnecessary refinement. 

The value of the leakage coefficient may be assumed from 
experience of machines similar to the one under consideration. If 
this is not available an estimate may be made in the following way. 

If all the linear dimensions of a dynamo bear a constant ratio 
to the corresponding dimensions of another, e.g. if one is twice as 
big in every respect, they will have the same percentage leakage if 
magnetised to the same flux-density. For the relative dimensions 
of the main and the leakage paths are the same in the two machines, 
and so is the permeability at correspnding points; therefore the 
useful flux and the leakage flux are increased in the same ratio. 

Usually, however, the air-gap of the larger machine will be 
increased in a smaller ratio than the other dimensions. In this case 
its percentage leakage can be obtained approximately by assuming 
it to vary in proportion to the air-gap; e.g. if a d5mamo has ah its 
dimensions double those of another, except that its air-gap is 12 
mm. (instead of 16 mm.) as against an 8 mm. air-gap in the sm^er 
one, the percentage leakage of the larger \vill be about f (= i#) oi 
the percentage leakage of the smaller. 

Actually it will be somewhat more than this value, for the 
leakage flux in a given machine is almost exactly proportional to 
the ampere-turns, since the leakage lines pass mostly through air. 
The effect of reducing the air-gap is to reduce the ampere-turns 
required to produce a given useful flux approximately in proportion 
to the gap but not exactly so, since the rest of the circuit requires 
as many ampere-turns as before. Therefore the leakage is reduced 
by a slightly smaller proportion than the gap. 
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The effect of a change of flux-density is harder to estimate, A 
high flux-density means a high percentage leakage, because the 
leakage flux, as stated above, is proportional to the ampere-turns, 
while the main flux increases less quickly owing to diminishing 
permeability. To estimate the extent of the change, therefore, 
requires a preliminary estimate of the increase in the ampere-turns 
required for the increased flux-density. 

8 . A Typical Calculation 

The magnetic circuit of a dynamo is shown in Fig. 9.07 with the 
main dimensions marked, and also the mean magnetic circuit 
ABCDEFGH. 



Fig. 9.07.—^Magnetic Circuit of 8-pole 400 kW. Dynamo. 

The ampere-tums required to produce a useful flux of 21-6 x 10® 
lines will be calculated to illustrate various points in connexion 
with such calculations. The following further particulars are given: 
Magnetic leakage factor 1*2. 

Yoke, pole-cores and pole-shoes of cast steel. 

Gross length of armature 18J in,, including 6 ventilating ducts 
I in. wide. 

Pole face i8| in. X 25 in. 

The flux in the pole-cores and shoes 

= 21*6 X 10® X 1*2 = 25*9 X 10® lines. 
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The flux in the yoke is half of this, say 13-0 x 10® lines. 

The cross-section of the yoke is 215 sq. in., therefore the flux* 
13*0 X 10® 

density is - - — — = 60-5 x 10^ lines per sq. inch. 

From Table D (or Fig. 4-09) this requires i6*8 ampere-turns per 
inch, and mean length of path in yoke is 54 in.; 

ampere^-iurns required, for yoke = 54 X i6*8 = 910 approx. 

The flux-density in the pole-cores is 

U7^ '(i8-ip = 96-3 talolines per sq. in. 

This requires 58 ampere-turns per inch in cast steel; 

ampere-turns required for pole-cores — 2 X ipj X 58 = 2260. 

At first sight it appears as if the ampere-turns for the pole-shoes 
should be calculated separately. But the increased cross-section is 
counterbalanced by the bending of the lines: moreover, the ampere- 
turns needed for the shoes are so few that it would be a needless 
refinement to attempt to calculate them separately. 

Passing over for the jpresent the air-gap and the teeth of the core, 
the M.M.F. for the body of the core must be calculated. The mean 
length of the lines, EF, is 30 in. The cross-section is that below 
the bottoms of the slcrts made by a radial plane. The length of the 
armature, omitting the ventilating ducts, is I5f in. Part of this is 
occupied by the insulation of the armature laminations. An 
allowance of 10 per cent, may be made for this, but it will increase 
for specially thin plates, and decrease for thick ones: it evidently 
depends also on the nature of the insulation. 

Thus: net length of armature iron = I5f in. x TTy% = 14*17 in.; 
cross-section below slots = 14*17 x (14 — ij) = 181 sq. in. 

This has to carry half the useful flux, i.e, io*8 x 10® lines; 


the flux-density is 


10*8 X 10® 
ic8i 


— 59*7 kilolines per sq. in. 


This requiies 9*1 ampere-turns per inch in armature iron; 
ampere-turns for core [omitting teeth) = 30 x 9*1 = 273. 

It will be seen from the above that the general plan is to take 
the length of the mean path instead of considering all the various 
paths of the lines. Again, the cross-section, and therefore the 
flux-density is treated as uniform in each portion, whereas really 
the flux-density must change more or less gradually in passing (say) 
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from the yoke to the pole-cores. This method is sufficiently 
accurate for practical purposes in the portions of the circuit dealt 
with above. 


9. Ampere-Turns for Air-Gaps and Teeth 

The ampere-turns for the air-gaps and teeth form the greatest 
portion of the total required for the magnetic circuit of a dynamo, 
and therefore require more accurate calculation than those for the 
other parts of the circuit. 

The difficulties with regard to the teeth are, firstly, that they 
taper from top to bottom; and, secondly, that the whole flux does 
not enter the tops of the teeth, some of the lines passing down the 
slot and entering the teeth at various points on their sides. 

In the air-gap, the crowding of the lines into the tops of the 
teeth makes the reluctance greater than that corresponding to its 
width and cross-section. The effect may be considered either as 
an increase in the average length of path of the lines in air, or as a 
decrease in the effective cross-section of the gap when approaching 
the teeth. 

In both gap and teeth the effect of fringing ” is to diminish the 
reluctance. The amount of this, will evidently increase for wider 
gaps, and will depend also on the ratio of the distance between the 
pole-pieces to the gap. A simple method is to add to the polar arc 
some multiple of the gap length and use this corrected value in 
obtaining the reluctance of the gap. The following table (from 
F. W. Carter’s investigation) gives the amount to be added if the 
pole edge is perpendicular to the armature surface:— 


Interpolar arc 
gap length 

Multiple of 1 
gap length) 


10 15 

20 

25 

30 

35 

40 

50 

60 

2-43 2-92 

CO 

3*56 

CO 

CO 

CO 

4-14 

4-40 

4-66 


E.g. if the interpolar arc is 20 times the gap length (1^), 3-28 4 is 
added to the polar arc in calculating the air-gap reluctance (see 
Art. ii). For other pole-edge angles the method is as follows. 

Since the armature surface is curved an average angle is 
obtained in the following way. A chord of the pole-bore circle is 
drawn from the pole-tip to a point on this circle half way from the 
pole-tip to a point midway between the pole-tips. Calling the 
angle between this line and the pole-edge y the above multiples are 
multiplied by the reduction factor {i ~ (y — 9o)/200}. 
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For the teeth it is sufficiently accurate to take the number of 
teeth under a pole mth the same fringing allowance added. 


10. Calculation of Ampere-Turns for the Teeth 

On the assumption that the whole flux enters the tops of the 
teeth the flux-density increases uniformly from top to bottom. 
However, H (or the ampere-turns per inch) increases, not uniformly, 
but more rapidly towards the bottom. The most accurate way of 
allowing for this is to calculate B at various points along the tooth 
and to plot the corresponding values of H at these points (see Fig. 
9.08). The mean value of H can then be obtained, i.e. it is the 
mean breadth of the figure. The area of the figure is (mean value 
of H X tooth length), i.e. 
the M.M.F. required for 
the tooth. Or if TT per 
inch are used the area 
gives the ampere-turns 
needed for the tooth. 

To avoid this com¬ 
plication an approxima¬ 
tion may be used. E.g, 
take the value of B 
one-third (instead of a 
half) of the tooth length 
from the narrow end 
(i.e. the root) as the 
mean value, and the 
corresponding value of H 
as its mean. 

Applying this to the example (Art. 8) the following results are 
obtained:— 



AMPERE-TURNS PER INCH 
Fig. 9.08 .—Determination of Ampere- 
Turns FOR Armature Teeth. 
(N.B.—This figure is not for the example of § 8.) 


Tooth pitch = = 1-071 in.; 

25 

/. No. of teeth under each pole = =23*4. 


As shown in Art. ii 

Allowance for fringing =1-44 in. ; 

1*44 

No. of teeth in fringes = = i*3; 

No. of teeth to carry total flux = 23-4 -k ^'3 = 24-7. 
Width of tooth at top = 1-071 - 0*53 = 0-541 in. 
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t, X u 4.^ TT X (90 - 2 X li) 

Tooth pitch at bottom =- ''264 -- ’ 

width of tooth at bottom == 1*042 — 0*53 = 0*512 in.; 
width of tooth J way up = 0*512 + ^ {0*541 — 0*512) = 0*522 in.; 
area of teeth J way up = 24*7 x 0*522 x 14*17* = 183 sq. in.; 
21*6 X 10® 


flux-density (J up) 


183 


■ = 118 kilolines per sq. inch. 


For armature iron this requires 250 ampere-turns per inch; 
ampere-turns for teeth = 250 x 2 x = 625. 



Fig. 9.09.— Equivalent Air-Gap. 


II. Calculation of Ampere-Turns for the Air-Gap 

Since in the example (Art. 8) the pole pitch (at the surface of 
the armature) 


, ,. interpolar arc 35*3 — 25 

the ratio, ^ __ 00 o 0 26. 

gap 0*4 

Therefore, from the table in Art. 9, the allowance for fringing in 
the gap is 3*60 x 0*4 = 1*44 in.; 

cross-section of gap = (25 -f 1*4) x 18J = 495 sq. in. 

* Net length of armature iron, see Art. 8. 
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The crowding of the lines into the tops of the teeth can be 
allowed for by decreasing the actual interpolar arc, in a ratio 
dependent on the relative values of the gap length, tooth width, 
and slot width. 

Consider one slot pitch, made up of one tooth top width t, and 
one slot width s. The area for the flux at the pole face is propor¬ 
tional to + 5), while that at the tops of the teeth is proportional 
to t (see Fig 9.09). Hence the average area is less than -f s) by 
some fraction c of s, and so is equal to / -f (i — c) s. Thus the 
actual area of the pole-face (corrected for fringing) must be reduced 
in the ratio 

^ + (i — c) 5 __ I + (i — c)slt^ 

/ -f S ^ +slt 

c is called Carter's contraction coefiicient, and is given for open 
slots by the formula 

where = gap length. 

Applying this to the example:— 
c = 0-20, and the correcting factor 

-{■+<- 

1784 

= = 0-901; 

1-981 ^ 

corrected cross-section of gap = 495 x 0-901 = 446 sq. in. 

In practice it is usual to obtain c from graphs of its value against 

(J'^' Such graphs may be drawn from the following:— 

slh I 2 3 5 7 10 

c 0-15 0-28 0-38 0-50 0*58 0*66 

c' 0-2 0*34 0*45 o-6o 070 o’82 

For half-closed slots c' is used in place of c, s being the slot 
opening, not the full width. 

A second correction must be made for the ventilating ducts. The 
above formula may be used, substituting the distance between the 
ducts for t and the width of the ducts for s. Since there are 6 ducts, 
the laminations are divided into 7 sections, and the width of each 

= ^ — 2-25 in.; whence the correcting factor is 0-96; 

final corrected gap section = 446 x 0-96 = 428 sq. in. 
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Now in air ?r = 0-313 B"/'' (see Chapter IV., Art. 18) 
21*6 X 

and in this case B" = = 50*5 Idlolines per sq. inch; 

ampere-turns for the gaps — 0-313 X 50-5 X 10® X 0-400 X 2 
= 12 650. 

The results for the whole circuit may be conveniently entered 
in a table as follows:— 


Part of Circuit 

Length. 

Inches 

j 

Cross- 
section * 
Sq. In. 

Mega¬ 
lines j 

B 

Kilo- 

lines/Sq. 

In. j 

TT 

PER 

I in. 

TT 

Yoke 

54 

215 

13-0 j 

60-5 

i6-8 

910 

Pole cores 

1 39 

268 

25-9 

96-5 

58 

2 260 

Armature core 

30 

i8i 

10-8 

59-8 

9*1 

270 

Teeth 

2-5 

00 

21‘6 

118 

250 

625 

Air-gaps 

o*8oo 

428 

21-6 

50*5 

— 

12 650 


Therefore total ampere-turns per pair of poles = 16 715. 


12. Calculation of Ampere-Turns to Compensate for Distortion 

Particulars as in Art. 8. 

No. of conductors under each pole = 198 — 58 = 140; 

cross M.M.F. per pair of poles == 140 x 91 = 12 740 TT. 

From the above table of results, the number of ampere-turns 
per pole-pair used in the gaps and teeth is 13 275 at full load. 

M.M.F. for gap and teeth at trailing tips 

= 13 275 + 12 740 = 26 015 7 ^; 

M.M.F. for gap and teeth at leading tips 

= 13 275 - 12 740 = 535 

To find the corresponding flux-densities a number of values of 
the flux must be assumed and the corresponding for teeth and 
gap calculated, i,e. the saturation curve determined. 
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Useful flux 

0-4 

5 

10 1 15 

25 30 

megalines 

TT for air-gaps 

234 

2930 

5 S60 : 8 780 

14 640 , 17570 


Flux-density in 




■ 

kiloiines 

teeth 

2-0 

27 

54 S2 

137 164 

sq. in. 

TT for teeth 

^ ! 

1 

! 10 

20. 40 i 

1 I 660 S 650 


Total TT for teeth 



i 

I 

' 1 


and gap 

335 1 

2940:5880 8820 

16 300 j 26 220 



The TT for air-gaps are directly proportional to the flux, since 
the permeability is constant. For the teeth the flux-density must 
first be obtained, and then the TT obtained as in Art. ii. At high 
densities the table given on p. 268 is employed, as Fig. 4.07 does 
not cover these. 

Plotting these values and that already obtained in Art. ii, 
Fig. 9.10 is obtained. The mean height of FEGML is 18*8 megalines 
on the flux scale, ie. the effect of distortion is to reduce the useful 
flux from 21-6 megalines to i8‘8 megalines (cf. Fig. 9.06). 

To fiind the TT to compensate for distortion try L' at 4 000 and 
therefore M' at 29480, This increases the area so that it now 
represents 22*8 megalines, i.e. this is more than sufficient. One or 



Fig. 9.10 .—Graphical Calculation of Compensation for Distortion. 
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two more trials will show that V must be placed at about 2 725. 
Therefore the 7 ( per pair of poles to compensate for distortion 
== LL' = 2 725 - 535 = 2190* 


Magnetic Properties of Armature Iron at High Flux-Densities 


B. 

Kilolines 
PER Sq. Cm. 

B' 

Kilolines 
PER Sg. In. 

Permeability 

4?; 

10^ 

4-jr 

—yL X 2'54 
10^ 

18 

116 

162 

203 

515 

18-5 

119 

141 

177 

450 

19 

122^ 

120 

152 

385 

19*5 

126 

107 

^34 

340 

20 

129 

94 

118 

. 300 

20-5 

132 

81 1 

102 

260 

21 


71 

85 

215 

22 

142 

52 

66 

167 

23 

CO 

34 

43 

108 

24 

155 

22^ 

28^ 

72 

25 1 

I61 

i6i 

21 

53 

26 

168 

I 13 1 


i 


N.B.-fl- = B/ X lo’ ^ 

= VI " X 10’ -T- X 2-54) 
B'r 

■=0-313—• 


13. Series-Windings of Compound-Wound Generators 

In a shunt-wound generator (Chapter X., Art. 4) the whole of 
the ampere-turns would be provided in the shunt-winding, and their 
value reduced at hght loads by a resistance in series with them. 
In a compound-wound generator (Chapter X., Art. 6) the shunt¬ 
winding provides part of the ampere-turns; and the series-winding 
another part, which varies automatically with the load. At full 
load the series ampere-turns provide the turns necessary to com¬ 
pensate for armature reaction, e.g. in the example of Arts. 4 and 12, 
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(6340 + 2190 =) S530 ampere-turns. In addition they provide the 
ampere-turns needed to raise the E.M.F. of the generator as the 
load rises, so as to compensate for armature “ drop.” 

In the above example the flux is that required for an E.?^LF. of 
570 volts ^ving 550 volts at the terminals at full load. Thus on 
open circuit the useful flux should be reduced in the ratio 
To obtain the corresponding ampere-turns accurately the calcula¬ 
tions of Arts. 21-24 ^-re repeated with the flux values reduced m 
this proportion. The results are shown in the following table 
(cf. Art. ii):-— 

No Load Ampere-turns per Pair of Poles 


Part of Circuit 

Inches 

Kilolines 
PER Sq. In. 

TT 

PER Inch 


Yoke 

54 

58*4 


8 70 

Pole cores .. 

39 

93*1 

457 

I 780 

Armature core 

30 

577 

8-8 

260 

Teeth 

2-5 

114 

202 

505 

Air-gaps .. 

o-Soo 

487 

Total 

15 615- 


[Note that this is less than = 16130, owing to the 


increased permeability of the iron.] 

The difference is 16715 — 15615 = iroo ampere-turns. 
Therefore, for level compounding, the series turns at full load 
must give (8530 -|- 1100) = 9630 ampere-turns per pair of poles. 
The full load current of the generator is 728 amp. Thus the number 

g6'^o 

of series-turns to be placed on each pole is ~ ^ 

For over-compounding a similar calculation will give the 
additional ampere-turns required for any desired increase of 
terminal P.D. at full load. The corresponding number of extra 
series turns is thence obtained as above. 


14. Commutation 

As has been explained in the previous chapter, the commutator 
and brushes cause the alternating E.M.F.s of the armature con¬ 
ductors to produce a P.D. ahvays in the same direction between the 



270 


Armature Reaction and Commutation 


generator terminals. Thus when a constant current is flowing in 
the external circuit the current in each armature coil is exactly 
reversed each time the corresponding commutator segment passes 
under a brush. This change of connexions is called commutation. 

Fig. 9.11 [a) represents diagrammatically part of the armature 
winding and of the commutator near a positive brush. 

It be seen that the coil connected to segments A and B, and 
all to the left of it (up to the next brush), carry a current from left 
to right. Similarly the coil connected to D and E, and all to its 



(&) 

Fig. 9.11.—Reversal of Current 
IN AN Armature Coil (AB). 

(ft) Before reversal. (6) After reversal. 
P, Positive brush. 


right, carry a current from right 
to left. Each of these currents 
is half the total brush current, 
whether the winding is lap or wave. 

In Fig. 9.11 ( 5 ) the commu¬ 
tator has rotated so that the coil 
AB now carries half the brush 
current from right to left, i.e. in 
the opposite direction to the cur¬ 
rent in the same coil in position {a ). 

When the coil passes the next 
brush, which will be a —ve one, 
the current is restored to its 
original direction, to be again 
reversed on passing the next +ve 
brush. These changes occur in 
every coil in turn. 

15, Short-Circuiting of Coils 
during Commutation 
Since the brush must be in 
contact with at least two seg¬ 
ments during portions, if not all, 
of the time of revolution of the 


commutator, each coil is periodically short-circuited. In other 
words, there is a local closed circuit consisting of the coil, two 
commutator segments and connectors, and a portion of the brush. 

Referring to Fig. 9.11 («) it will be seen that the short-circuiting 
of one coil commences when the brush is first touched by the 
second of the commutator segments (A) to which the coil is con¬ 
nected. The short-circuit ceases when, as in {b), Fig. 9.11, the first 
of the segments, B, moves out of contact with the brush. Thus the 


time of short-circuit is that required by the commutator to move a 
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distance equal to the circumferential thickness of the brush less the 
thickness of one insulating plate of mica. 

16. Contact Resistance 

Contact resistance between the brush and the commutator is of 
great assistance in producing good commutation. 

The resistance between any two conductors in contact does not 
follow Ohm’s Law like conductor resistance, i,e. it is not constant 
for different currents. It usually decreases with increasing current 



Current density in amperes f ' 

Fig. g. 12 .—Contact Drop and Current Density. 


densities. For a given current density it varies inversely as the area 
of contact, resembling conductor resistance in this respect. It is 
also dependent on the pressure between the surfaces, decreasing 
with increasing pressure, at first rapidly and then more and more 
slowly. It varies with the relative speed of the surfaces, hut only 
to a small extent with the speeds used in practice. 

Contact resistance has widely different values for different 
materials. In the case of copper brushes at a current density of 
150 to 200 amperes per sq. in., and with a pressure of lb. 
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per sq. in. it is about *0015 ohm for a square inch, e.g. with 
160 A. per sq. in. the drop at each brush contact is about 
0-24 volt. 

For carbon brushes at current densities of 25 A. to 75 A. per 
sq. in., and with a pressure of ij lb. per sq. in. the iop per 
contact is 0*6 volt to 1*4 volt, according to the quality of the 
carbon, hard carbons giving higher values than soft ones. With 
special carbons this may be reduced to 0-3 at 30 A. per sq. 
in. Between these limits of current density the drop for carbon 
brushes is almost constant; the variation is from 10 per cent, 
to 30 per cent, with different qualities. In other words, the 
contact resistance varies almost in inverse proportion to the 
current density. At higher densities it becomes more nearly 
constant (see Fig. 9.12). The drop is usually greater at the 
positive brushes of generators, i.e. from copper to carbon, than 

at the negative ones. 



Fig. 9.I3.—COMMUTATION WITH CORRECT 
Lead. 


17. Change of Current 
during Commutation 
If the current in one 
particular coil is plotted on 
a time base (Fig. 9.13) it 
will be represented by a 
horizontal line AB, i.e. con¬ 
stant current, up to the 
beginning of commutation. 

From the finish of commu¬ 
tation it will be represented by another horizontal hne CD, on 
the opposite side of the zero line and the same distance from it as 
AB is, i.e. the current has exactly reversed. The way in which the 
current changes from B to C depends on the conditions under 
which the coil undergoes commutation. 

To simplify matters take the circumferential brush thickness 
equal to that of a commutator segment and two mica plates, so 
that only one coil is undergoing commutation at a brash at any 
instant, another starting as each one finishes. 

As already stated, up to the start of commutation the coil 
carries a constant current, I, from left to right, which, together 
with an equal current from the right-hand coil goes to the brush 
by segment B, as shown in Fig. 9.13 [a). 

At the end of commutation the current in the coil is — I (the 
negative sign denoting from right to left), and the brush current all 
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comes from segment A [Fig. 9.14 (b)]. The commutator moves a 
distance equal to the pitch of one segment (= brush width 


— mica width, cf. Art. 15) while this 
change occurs. At any intermediate 
positi9n let I be the current from 
left to right in the coil; if the cur¬ 
rent has reversed 1^, will be negative. 

The current flowing into the brush 
from segment 3 will be I -h 1 ^, and 
from segment A, I — [see Fig. 
g.14 (c)]. As long as I^, is positive 
the former is the greater, but when 
the current reverses the latter be¬ 
comes the greater. In the particular 
case when I^ is zero, equal currents, 
I, flow into the brush from each of 
the segments A and B. 

18. Ideal Commutation 

Consider the case in which the 
current change is as represented by 
the straight line BC in Fig. 9.13, i.e. 
a uniform rate of change of current. 
Let t == time of commutation in 
seconds. Neglect mica width. 

The whole change of current in 
the coil is 2I, from -{-I to — I. 
Hence mt” from the start (where m 
is any proper fraction), m of com¬ 
mutation is over and the current has 
changed by m of 2I, 

or 1 ^ = 1 —m. 2 l; 

= I 4- 1 ^ = 2I — W.2I 
= 2I (i — m), 
and L = I — I,-. 

consequently 

: I3 = m : I — m, 

where I^, Ij, are the currents 
segments A and B respectively. 



Fig. 9.14. —Currents in Arma¬ 
ture Coil during Commuta¬ 
tion. 


ia) start of commutation. 

ib) End of commutation. 

(c) Daring commutation. 

(if.B.—The coil undergoing commu¬ 
tation is shown in thicker lines.! 

flowing into the brush from the 

iS 


E E., VOL. I. 
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During these mt seconds the commutator has moved by m of the 
width of a segment. Therefore m of A is under the brush. So that 

is the same fraction (m) of the total brush current, 2I, as the 
surface of A in contact with the brush is to the whole surface of A. 
Similarly, w of B has moved from under the brush, leaving i — w in 
contact. Thus Ig is to brush current as surface of B in contact with 
brush is to whole surface of B, just as for A. An alternate way of 
stating the result is that the brush current is divided between A and 
B in proportion to their respective surfaces in contact with the brush. 

This is equally true for other brush widths, but the proof is 
more complicated. The mica width modifies it slightly. 

This is what would naturally happen if there were no E.M.F, in 
the coil during commutation, and if the coil and commutator 
connexions had resistances which could be neglected in comparison 
with the contact resistances between the segments and the brush. 
For on these assumptions the current would divide ia the inverse 
ratio of the contact resistances (as for any two resistances in 
parallel), i.e, in the direct ratio of the surfaces. This straight line 
change of current may be considered as the ideal case which cannot 
be exactly attained in practice. 

19. The Reactance Voltage 

Deviations from ideal commutation are due mainly to the 
reactance voltage, which is the name given to the self-induced 
E.M.F. in the coil. When a current is flowing in any coil it pro¬ 
duces magnetic lines hnked with the coil. Any change in the 
current alters the number of lines, and an E.M.F. is produced in the 
coil, just as if a magnet had been put into it or withdrawn from it 
(cf. Chapter IV., Art. 24). This E.M.F. is called self-induced 
because it is caused by the change of current in the coil itself, and 
is not due to any movement of the coil, nor to a change of current 
in neighbouring coils. 

The direction of the self-induced E.M.F. is always such that 
it opposes the change causing it. 

I.e. if the current is increasing the E.M.F. is against it, but if 
the current is decreasing the E.M.F. acts in its direction. 

This E.M.F. causes the current in an armature coil undergoing 
commutation to change more slowly than it would under the 
influence of contact resistance only. E.g. in Fig. 9.15 BC represents 
(as in Fig. 9.13) the change of current during ideal commutation, 
and BE the change when self-induction is taken into account. 
The result is that though the current in the coil is reversed it has 
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not reached the full value (CN) when commutation should be 
complete, but only some smaller value (EN). A reference to Fig. 
9.14 (d) will show that a current equal to the diference between 
these values CE in Fig. 9.15) is flowing from commutator 
segment B to the brush at the instant when they part company. 
This results in sparking, just as when any other current'Carrying 
circuit is broken. The self-induction has a further bad efiect in 
prolonging the duration of the spark and thus intensifying the 
damage to the commutator. 

20. Commutating E.M.F. due to Brush Lead 

One method of neutralising the eflect of self-induction is by 
giving the brushes sufficient forward lead to bring the short-circuited 
coil into a reversing field. It has been shown in Art. 2 that one 
effect of armature 
reaction is to neces¬ 
sitate a forward lead 
of the brushes, so that 
commutation may 
take place in zero 
field. By moving the 
brushes further in the 
same direction the coil 
is commutated in a 
reversing field, i.e. 
while still short- 
circuited it is cutting 
fines of force in the 
new direction. Thus an E.M.F. is produced which tends to 
stop the original current in the coil and to start one in the reverse 
direction. 

If this E.M.F. is equal to the reactance voltage the effect of the 
latter is wiped out and commutation is perfect. Now as the 
brushes are advanced the position in which the coils are commutated 
is moved nearer the pole tips or further under them (see Fig. 9.02, 
Art. 3), so that the reversing field becomes stronger: consequently 
a brush position can be found at which the reactance voltage is 
balanced by the E.M.F. due to the reversing field. 

If the extra lead is insufficient to effect this completely, 
commutation is still somewhat as shown in Fig. 9.15, but CE is 
reduced and so the sparking is reduced. If too much lead is 
given the current will be more than reversed, as shown by BF in 



Fig- 9-I5 -—Commutation with Insufficient 
Lead. 
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Fig. 9.16. This, too, results in sparking, for a current represented 
by CF is flowing between the brush and commutator segment 
when they separate: the direction of this current is the reverse 
of that with no lead (Art. 19). 

21. Effect of Changes of Load 

Though a position can be found to give sparkless commutation 
for any steady load, the best position changes with the load. There 
are two reasons for this change:— 

(1) The reactance voltage increases in proportion to the current 
to be reversed. 

(2) Armature reaction weakens the reversing field when the 
generator current increases. 

The truth of the latter statement may be seen by noting that 

an increase of current 
causes an advance of 
the neutral position, viz. 
that in which commu¬ 
tation occurs in zero 
field.* Thus with fixed 
brush position an increase 
of load reduces the extra 
lead of the brushes (f.e. 
their lead ahead of the 
neutral position) and so 
diminishes the strength 
of the field in which 
each coil is while commutation occurs. 

If then the brush lead has been adjusted so that the reactance 
voltage is exactly balanced by the E.M.F. due to the reversing field, 
any change of load will aflect the latter in the wrong direction, 
weakening it when it should be strengthened, and vice versa. 

22. Advantages of Carbon Brushes 

It has been shown in Art. 18 that contact resistance tends to 
make the current change during commutation follow a straight line 
law, and prevent sparking. As long as the difference between 
the reactance voltage and the E.M.F, due to brush lead is small 

* Lead is measured from the midway position, i.e. that in which commuta¬ 
tion occurs in the coils when they are half-way between the poles (see Art. 3). 
The neutral position might be called the no-field position, since the former 
name often is used erroneously for the midway position. 



Fig. 9,16.— Commutation with Excessive 
Lead. 
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compared with contact resistance drop, the departure from this law 
is small, and sparking is kept down. Therein lies the main advan¬ 
tage of carbon brushes, for since their contact resistance is high (see 
Art. 16) sparking can with them be kept within harmless limits 
even with jSxed lead. Copper brushes, on the other hand, having 
a much lower contact drop, must have their lead increased as the 
load increases. The lead of carbon brushes should be adjusted to 
give perfect commutation at about half load: the unbalanced 
voltage will then be small at all loads from full to none. 

Minor advantages of carbon brushes are:— 

(a) The carbon lubricates and polishes the commutator. 

{b] If sparking occurs it damages the commutator less than 
with copper brushes, and damage to the brush itself is of little 
importance. 

Their main disadvantages are:— 

(a) The contact resistance, which is essential to their benefits, 
causes a loss of about 2 volts. Hence they are unsuited to low 
voltage machines, in which this forms a larger percentage loss. 
The output of the machine does not affect this percentage. 

(&) Owing to this loss the commutator must be made larger than 
for copper brushes, so as to dissipate the head produced without 
greater rise of temperature. 

(c) Their lower current density necessitates larger brush- 
holders. 

[d) Their want of flexibility makes them unsuitable for the high 
peripheral speeds of turbo-generator commutators. For these 
brushes of copper gauze or of brass wire are used. Special holders 
enable carbon brushes to be used sometimes. One successful 
method is the employment of pneumatic pressure instead of 
springs. 

23. Calculation of Reactance Voltage 

The reactance voltage depends upon the number of magnetic 
linkages (or lines X turns) with the commutated coil, and the time 
of commutation, its mean value being equal to 

_Change of M^ages . ^ 

Time of commutation m sec. J 



278 Armature Reaction and Commutation 

As shown in Art. 15, commutation lasts while the commutator 
surface moves a distance equal to the circumferential brush thickness 
less the thickness of the insulation between two segments; 

V 

where t ~ time of commutation in seconds, / or \ 

Wj, = brush thickness in cm., I inches \ 

= mica „ „ 1 inches ) 

V — peripheral speed of commutator in cm. per sec. \in./sec. / 

The changes of linkages in a particular machine is almost exactly 
proportional to the change of current, because a great part of the 
path of the linked lines is in air, so that the varying permeability of 
the iron has no appreciable effect. Let the current in the com¬ 
mutated coil change from + I to — I (amperes), and the linkages 
change correspondingly from + LI .to — LI; so that L is the 
linkages per ampere. 

Then average reactance voltage = ^ ^ volts. 

Consider first the case in which the commutated coil consists of 
a single loop, and only one is commutated at a time. Hobart’s 
method for obtaining L is as follows. Divide the loop into 
“ embedded ” and “ freeportions. The former is that which 
lies in the slots and so is partly surrounded by iron; the latter 
consists of the connexions at each end, which are surrounded chiefly 
by non-magnetic material (see Fig. 
9.17). The parts of the core not con¬ 
taining iron must not be included 
in obtaining the embedded length. 

Hobart* finds that i ampere 
produces a flux of 4 hnes per cm. 
of embedded length, and of o*8 
line per cm. of free length. But 
each side of the loop lies in a 
slot in which another conductor is 
undergoing commutation under a 
different brush at the same time. 
Thus the fluxes and the change of 
fluxes due to the embedded parts 
are doubled; 



Fig. 9.17. —Embedded and Free 
Portions of an Armature Loop. 


* C.C. Dynamo Design, p. 108. 



Reactance Voltage 
L = 8/g -j" 0*8// = 8 


2/9 


where 

Ig = embedded length of loop in centimetres, 

If =: free length of loop in centimetres. 

Thus the reactance voltage 

2 LI i6 (/„. + o*i//l 

X 10® t X 10 ® 

(If If cannot be obtained more exactly it may be assumed equal 
to 3 X pole-pitch.) 

If the coil instead of being a simple loop consists of several 
turns {represented by 2^) the voltage will be (number of tums)^ times 
as great. Because with a given current the flux will be '6 times as 
great, and each line links with each of the (^) turns: thus the 
linkages will be as many, and the voltage will be correspondingly 
increased. 

Similarly, if m coils are short-circuited simultaneously the flux 
will be increased nearly m times, since these coils overlap almost 
completely. 

Hence, finally the approximate mean value of the reactance 
voltage 

t X 10® 

This value should not exceed the total brush contact drop (for 
two contacts) except in large low-speed machines, when it may 
rise to twice the total contact drop. In motors of ordinary size 
about one and a half times the total contact drop is allowable. 


Example 2. Calculate the reactance voltage of a 2^0 kW., 525-vo//, 6 -pole 
lap-wound generator driven at 220 r.p.m. It has i 200 armature conductors 
and 600 commutator segments. The outside dimensions of the armature are 
64 in, diam. x 12 in. long. Net length 9 in. 

-AX Time of commutation [t) 

s s own in . r . 14, , of coils shorted simultaneously [m) 

X di am. of comm. 

Com mutator segment pitcti (Wg + J __ 600 

‘ Peripheral velocity W “ ^ X (v x diam. of comm.) 

00 


60 _ 
220 X 600‘ 


Total armature current 


250000 

525” 


Current per conductor 


iZ5 

6 


79 A. 
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Embedded length = 2 X 9 X 2*54 cm. = 45*7 cm. 

Free length = 3 X pole pitch = 3 X ^ X 2-54 cm 
— 256 cm.; 

Inductance (L) = 8 x 45*7 -r o-8 x 256 = 365*6 H- 204*8 = 570. 
There is only one turn per commutator segment; 

„ ^ 2LIm 2 X 570 X 79 X 2200 

Reactance voltage = ^ ^ = - - —-volts 

= 1*98 volts. 

24. Effect of Various Factors on Reactance Voltage 

The effect of various factors on reactance voltage, and therefore 
on the quality of the commutation, can be seen readily by the aid 
of the formulae of the preceding paragraph. 

(a) An increase of brush thickness increases the time of commu¬ 
tation, but increases equally the number of coils undergoing 
commutation simultaneously. 

For t = (see Art. 23), 

V 

_ 5 ^ 

and average number of coils short-circuited = - -- - — m, 

Wg 

where Wg = pitch of the commutator segments. 

E.g. if the brash covers 2 segments and 3 micas there will always 
be 2 coils short-circuited (see Fig. 9.18), coil number 3’s short- 
circuit starting at the instant when coil number I’s ceases; 

m _ V 

" t Wg 

i.e. the reactance voltage (see formula Art. 23) is almost independent 
of the brush thickness, provided this is 
not less than that of i commutator 
segment and 2 micas. 

(b) An increase in the number of 
commutator segments reduces the turns 
per coil (^) inversely. At the same 
time it increases the number of coils 
short-circuited simultaneously (m) in 
direct proportion. Since the reactance 
voltage varies as IS^m the combined 
effect is to change the reactance voltage 
inversely as the number of segments. 
This increase can be carried on of 



- 

Fig. 9.18.— Brush Width to 
Short-circuit Two Coils 

SIMULT.-^NEOUSLY. 

B, Brush. 
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course only to the point where each coil contains only one turn. 
In small dynamos it cannot be carried as far, because the thick¬ 
ness of a segment and a mica cannot conveniently be made less 
than 0-2 in.,* and so the number is limited by the diameter of the 
commutator. 

(c) A change in the diameter of the commutator makes no difference, 
since for a given brush width the time of commutation and the 
number of coils shorted both vary inversely as the diameter. Or 
alternatively, the peripheral velocity (t?) and the pitch of the 
segments (= both increase in proportion to the diameter: 
m 

therefore, as sho^vn in (a), — is unchanged, and so is the reactance 
t 

voltage. 

{d) Change of Speed of Generator.—Ihe time of commutation 
varies inversely as the speed (r.p.m.) of the machine, consequently 
the reactance voltage is directly proportional to the speed. Thus 
a given generator with a fixed current flowing in it is more liable to 
spark the higher the speed (see further Chapter XL, Art. 14). 

(e) Change of cross-section of the brushes alters the mean current 
density inversely, and changes the contact resistance to some 
extent. Too low a current density is bad, because it reduces the 
contact resistance and, even more important, reduces the difference 
of the contact drops caused by any departure from ideal commu¬ 
tation. At the same time a high current density increases the 
contact resistance loss and may cause trouble through overheating 
of the brushes and commutator. The most suitable value depends 
on the quality of the carbon used and on the reactance voltage of 
the dynamo (cf. Art. 23). 

25. Interpoles 

A second method of producing a commutating E.M.F. is by 
means of Interpoles, also called commutating poles. With these 
the brushes have no lead, but a reversing field is provided by means 
of special poles placed midway between the main poles. The 
winding on the interpoles carries the full armature current or a 
definite fraction of it, i.e. they are series wound (see Chapter X.). 

The field produced is therefore nearly proportional to the 
armature current, and so with a suitable winding the reversing 
E.M.F. will nearly balance the reactance voltage at all loads, since 


Smaller sizes are sometimes used if the design requires these. 
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the latter is proportional to the armature current. It will likewise 
balance it at all speeds, since both voltages vary directly as the 
speed. The polarity of each interpole must be the same as that of 
the next main pole in the direction of rotation, so as to make the 
induced E.M.F. a reversing one. In the case of motors the opposite 
polarity is required for the interpole (see Chapter XL, Arts. 3, 12). 

Such poles were patented by Menges in 1884, and suggested by 
various other writers at later dates, but it is only since about 1905 
that they have been used extensively. They enable machines to 
be run at the full load which they can carry without overheating 
instead of being also limited by sparking considerations (see Chapter 

XL, Art. 14). Thus the 
size and the total cost of a 
machine of given output 
may be reduced in spite of 
the extra cost of the inter¬ 
poles. Moreover, since the 
fringe of the main poles is 
not relied on for commu¬ 
tation, the air-gap may be 
reduced to the minimum 
determined by mechanical 
considerations. 

Thus the weight of cop¬ 
per on the main poles is 
diminished, so that the total 
copper on a machine of a 
given size may require no 
increase or even be dimin¬ 
ished when commutating 
poles are used. These con¬ 
siderations apply particularly to high speed {e.g. turbine driven) 
generators, and to those of large size. Nevertheless the advantages 
outlined above make it worth while to employ them in a very large 
proportion of D.C. generators. They are exceptionally useful in 
special designs where it is difificult to keep the reactance voltage 
down to a satisfactory value. 

Another field for their employment is where the field ampere- 
turns are small compared with those of the armature. This always 
occurs in motors which have to run at widely varying speeds (see 
Chapter XL, Art. 9), so that interpoles are fitted to most motors, 
other than very small ones. 





Side view. End view. 

Fig. 9.19.— Main Poles and Interpole 
OF A Generator. 

A, Interpole (S, polarity). 

PP, Main poles (N & S). 
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26, Proportions and Winding of Interpoles 

The interpoles may be placed between every pair of main poles, 
or only in alternate spaces because a short-circuited coil has its two 
sides in successive spaces. When circular cores are used for the 
main poles those of the interpoles should be placed at one side of 
the yoke, so as to leave more ventilating space between their coils 
and the main field windings (see Fig. 9.19). 

The pole-shoes preferably extend only part way across the arma¬ 
ture so as to diminish the inductance of the shorted coil. The “ effec¬ 
tive " width of the shoe should be such that the coils are under it 
during the whole of commutation. Le. the width = slot width dis¬ 
tance the armature surfaces moves during the commutation of aU 
the conductors in a slot. It can be shown that this is equivalent to— 

Effective shoe width = {n — i)], 

where = slot width, Wi, — brush width (less mica width for 
exactness), w^, — pitch of commutator segments, n — number of 
commutator segments per slot = half number of ” coil-sidesper 
slot, D = diameter of pole-shoe bore, d — diameter of commutator. 

The shoes are chamfered so that the width at the face is less than 
the effective width by twice the air-gap. This gap is usually i| to 
2 times the main gap. Sometimes the air-gap is the same as that 
for the main poles, but additional reluctance is provided by a brass 
or fibre distance piece at the root of the interpole. This reduces the 
magnetic leakage. 

The number of ampere-turns used on interpoles is obtained 
empirically. Ordinarily the ampere-turns per interpole are made 
about one and a third times the armature ampere-turns per pole. 
If only one interpole per pair of poles is used the ampere-turns 
naturally must be doubled. 

27. Compensating Winding 

A third method for preventing sparking is the use of a compen¬ 
sating winding. This was suggested by Ryan in 1892, and consists 
of a winding placed in slots in the pole faces, and carrying the full 
armature current. By connecting it so that the currents flow as 
shown diagrammatically in Fig. 9.20, it is made to balance the 
cross-magnetising effect of armature reaction. 

Thus the neutral position is kept fixed, and the field strength is 
not diminished by armature reaction. This is not sufficient for 
sparkless commutation, since the reactance voltage increases with 
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load. But by increasing the 
ampere-turns in the com¬ 
pensating winding beyond 
those necessary to balance 
armature reaction, a reversing 
field is produced. This can 
be increased by furnishing 
unwound interpoles, attached 
either to the yoke or (Ryan’s 
own method) to the pole- 
pieces (see Fig. 9.21). 

The main use of com¬ 
pensating windings is on 
Fig. 9.20.--C0MPENSATING Winding. turbo-generators with metal 

B B, Brushes. N, S, North and South poles. hrushes. 



28. Other Metliods of Improving Commutation 

These consist chiefly of constructional increases of the cross¬ 
reluctance. For instance, by slotting the pole longitudinally (see 
Fig. 9.22) the distortion of the field by armature reaction is 
diminished. 

In the Lundell pole (see Fig. 9.22) this is combined with a long 
narrow leading tip in motors (in generators this should be the 
trailing tip). The effect of the latter is to diminish the extent to 
which the magnetic lines are distorted towards this tip by armature 
reaction: for all the lines which emerge from BC have to pass AB, 
and any increase in their number diminishes the permeabihty 
rapidly. The effect of the slot in the pole is somewhat similar, viz. 
the decreased permeability of the half into which the lines are 



Fig. 9.21.—Ry.i^N’s Compensating "Winding with Interpoles. 
C C C, Slots tox compensating winding. jjj), Interpoles. 
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crowded keeps down the amount 
of distortion. If the slot were 
absent the crowding would occur 
only close to the pole-face. 

When laminated pole-shoes are 
used the tips may be omitted 
from alternate plates. By omitting 
the trailing and leading tips alter¬ 
nately the plates may be aU made 
of the same shape [see Fig. 9.23 
(a)]. This gives a wide fringe to 
the field, so that the reversing pig 9.22 .—Lundell Pole for 
E.M.F. can be easily adjusted by Motors. 

moving the brushes. 

A similar effect is obtained by “ chamfering ” the pole-shoes so 
that the air-gap gradually widens towards each tip; or by curving 
the pole-face to a larger radius, which produces a gap which is 
narrow at the pole centre, increasing all the way from there to each 
tip. By makig the pole face polygonal instead of rectangular; 
or by “ skewing ” the pole-shoe [see Fig. 9.22 (6)], the field distri¬ 
bution can be modified in a similar manner. With laminated 



pole-shoes the skewing can be 



done by varying the positions of 
the bolt-holes in the plates. 

None of these methods, how¬ 
ever, produces much improvement 
in the commutating qualities of 
a machine, though they are of 
some use. 



INVERTED PLAN 

(a) Laminated pole shoe. [b] *' Skewed ” pole-shoe. 


Fig. 9 23 —Poles for Improvement of Commutation. 
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29. Miscellaneous Points 

The flux-densities usually employed in dynamos are as follows:— 

Kilolines per sq. inch. 


Yoke, when of cast-steel .. 

.. 60 to 90 

„ „ „ cast-iron .. 

,. 30 to 45 

Pole-cores, cast-steel or laminated 

.. 90 to no 

Air-gap . 

.. 35 to 60 

Armature teeth (J way up) 

.. 100 to 140 

„ core . 

.. 60 to 80 


The ampere-conductors (number of conductors X current carried 
by each) per inch of armature periphery are limited by the tempera¬ 
ture rise allowable. They vary from about 300 in small machines 
to 650 in large D.C. ones, and up to 1100 in large turbo-alternators. 

The armature ampere-turns per pole are limited by the amount 
of armature reaction which will not cause commutation trouble. 
This depends on a number of other factors, e.g. the speed, number of 
turns per commutator segment, etc. Satisfactory commutation 
win probably result if the armature ampere-turns per pole are about 
75 per cent, of the field ampere-turns per pole for the gap and 
teeth. The proportion may rise to 90 per cent, or even higher 
when other conditions are favourable. With interpoles 130 per 
cent, is permissible. 

The air-gap varies from J in. in small machines to J in. in very 
large ones. 

The minimum width of the teeth is seldom below 0-2 in. nor 
above 0*8 in., and its ratio to the slot width is generally between 
0*5 and 1-25. The depth of a slot is usually not more than three 
times its breadth. In partially closed slots the opening is about 
f of the slot breadth. 

QUESTIONS ON CHAPTER IX. 

1. How and why does the field strength change if the load changes and 
the field current is constant ? 

2. Calculate the back ampere-turns of a 4-pole generator, lap-wound, 
•ftdth 600 conductors, giving 50 amperes, if the actual lead of the brushes is 10°. 

By about how much per cent, will the armature flux be diminished if 
there are 8 000 ampere-turns per pair of poles in the magnet windings ? 

3. What is the use of the commutator ? Describe its action in a simple 

case. 

4. Calculate the reactance voltage for a 6-pole lap-wound armature 
56 in. diam. X 10 in. net length, with 500 commutator segments (i turn per 
segment), when it delivers 480 A. at 280 r.p.m. Assume that only one 
section is commutated at a time. 
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5. Explain why the brushes of a generator must be given a lead. How 
does the best amount of lead vary with the load ? What other effects has- 
armature reaction ? 


6. Explain how carbon brushes assist in obtaining good commutation 
under poor conditions. 

7. Why are metal brushes generally employed on turbo-generators ? 
What are their advantages and disadvantages 1 

8. If the current in the shorted coil has fallen to zero when commutation 
is over, find the direction and magnitude of the resultant E.M.F. in the 
coil required for this state. Assume peripheral width of brush equal to that 
of one segment (mica negligible): contact P.D. = i volt when whole current 
is uniformly distributed in brush; neglect changes in contact resistance due 
to change of current density. 

9. Plot during one cycle of commutation the currents from each segment^ 
and in the short-circuited coil, assuming them to be settled by contact 
resistance alone, for the following case. Total brush current 60 A. 

Peripheral thickness of brush equal to one segment and two micas. 

Mica thickness |th of segment. 

10. Show graphically the way in which the current in the sections of an 
armature changes during commutation, {a) with the correct lead; 

(6) with too little lead; 

(c) with too much lead. 

Give reasons for the shapes of the curves; and explain how carbon 
brushes improve commutation in cases (6) and (c). 


II. Explain why, and to what extent the reversing voltage during com¬ 
mutation depends on [a] the length of armature iron; 

(6) the length of each end connexion; 

(c) the number of turns per section; 

(d) the shape and number of slots, and the placing of a 

section of the winding in the same or different slots. 


12. Define the term “reactance voltage as applied to direct current 
machines. Calculate its value in the case of a machine for which the data 


are as follows:— 

Net length of armature 
Length of mean turn .. 
Current per section .. 
Turns per segment 
Width of brush 
Frequency of commutation 


12-5 centimetres 

TOO 

100 amperes. 

I 

3 segments 
500 

[Lond. Uuiv., El. Mach. 


13. Explain how a slot in the centre of the pole reduces the effect of 
armature reaction. 


14. Describe, with sketches, two methods for preventing armature reaction 
from causing bad commutation under varying loads. 

State their relative advantages. 


15. "What is meant by magnetic leakage ? Explain how it is taken into 
account in calculations on generators and the meaning of a “ leakage coeffi¬ 
cient"' of (fl) 16 per cent., (6) 1*18. WTiich of these represents the larger 
amount of leakage ? 
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16. Explain kow you would calculate the excitation required for the 
magnetic field of a dynamo. The air-gap of each pole of a smooth-core 4-pole 
dynamo is 300 sq. cm. in area, and the distance from pole face to core is 5 mm. 
How many ampere-turns must be used on each pair of poles for air-gap 
excitation alone if the flux-density in gap is 10 000 lines per sq. cm. 

[C.&G., II. 

17. The pole face of a D.C. machine is 8 in. square, the armature teeth 
are 0*6 in. wide, slots 0*5 in. wide, 1*5 in. deep, air-gap clearance 0*30. in. 
Find the reluctance of the gap as a whole and calculate the ampere-turns to 
give a mean gap flux of 40 000 lines per sq. in. [Lond. Univ., El. Mach. 

18. Calculate the cross ampere-turns of a 4 pole wave-wound generator 
with 350 conductors and delivering 120 amperes if the brush lead = *08 x 
circumference of commutator. 

19. The following figures apply to the magnetic circuit of a generator:— 

Ampere-turns per pair of poles: 1200, 2000, 2400, 3000, 4000, 4800 

Armature flux per pole (megalines): 1-6, 1*87, 1-96, 2'03, 2*08, 2*09 
The field ampere-turns are 2 500 per pair of poles (after subtracting the 

back ampere-turns of the armature) and the cross ampere-turns are i 200 per 
pair of poles. 

Find (a) the percentage reduction of flux due to the cross ampere-turns, 
{h) the additional field ampere-turns necessary to compensate for the 
effect of the cross ampere-turns. 



CHAPTER X 

CHARACTERISTICS AND CONSTRUCTION 
I. Characteristic Curves 

The behaviour of dynamos with the various types of field wind¬ 
ing can be compared by means of characteristic curves (or simply 
cJmacUristics). These are, for generators, curves connecting 
voltage and current when the generator is driven at a constant 
speed. They are of three kinds according to the voltage and 
current plotted, and are named according to the following table:— 


Name 

Volts at Constant Speed 

Current in 

External characteristic 

At terminals 

External circuit 

Total „ 

Generated E.M.F. 

Armature 

Magnetic „ 


Field winding 


The external characteristic is of most importance in considering 
the suitability of a generator for a given purpose. It can be 
obtained directly by a series of simultaneous measurements with a 
voltmeter and an ammeter. 

The total characteristic is of interest chiefly for the designer. 
It cannot be obtained directly by experiment; since a voltmeter 
cannot read the E.M.F, generated on load, owing to the volts lost in 
the armature resistance. The necessary methods to obtain it are 
explained in Art. 7. 

The magnetic characteristic can be obtained by measuring the 
armature voltage at constant speed on open circuit. The excitation 
is supplied from a separate source, and simultaneous readings of 
voltage and of field current are taken. The voltage measured is 
directly proportional to the magnetic flux in the armature (see 
formula in Chapter VIIL, Art, 14), and the current is proportional 
to the ampere-turns, and therefore to the M.M.F. producing this 
flux. Thus the shape of the curv^e depends on the dimensions of 
the magnetic circuit and on the magnetic quaUties of its materials. 

2. Resistance and Output Lines 

The information obtainable from the external characteristics of 
generators can be increased by drawing certain other lines on the 
2S9 19 


E. E., VOL. I. 
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diagram. For instance, let it be required to find the current and 
voltage of a generator of known characteristic when connected to a 
given external resistance. Let ABC in Fig. lo.oi be the external 
characteristic. Since the external resistance is fixed so is the ratio 

terminal volts . , . , ^ xt. r r 

-, The required pomt must therefore he on a 

external current 

certain straight line, OP, through the origin. This can be drawn 
by taking any convenient point giving the required ratio of volts 



Amperes. 

Fig. 10. 01. —Characteristic with Resistance and Output Lines. 

to amperes, and joining it to the origin: e.g. if the external resistance 
is 2 ohms the point representing 200 volts and 100 amperes (or 100 
volts and 50 amperes, etc.) may be taken. 

The point, B, where this straight line cuts the characteristic then 
gives the terminal voltage (BN) and external current (BM) under 
the given conditions. 

A straight line such as OBP is called a resistance line, and a 
number of them can be drawn readily, as is shown in the diagram. 
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The out-put of a D.C. generator is 
equal to the product of the terminal volts 
and the amperes in the external circuit. 
Hence to obtain the conditions corres¬ 
ponding to a given output a curve must 
be drawn such that (volts X amps.) is 
constant, i.e, a rectangular hyperbola. 
These output or kilowatt lines are not so 
useful as the resistance Hnes. The simplest 
way of drawing them is by obtaining a 
number of points giving the desired 
product and joining them. Three 
are shown in Fig. lo.oi with outputs 
marked. The point (or points) where 


AMPERES 


Fig. 10.02. —Chraracter- 
iSTics OF Separately 
Excited Generator. 
k B, Total characteristic. 

,, i xi. T. i. • j.- t. i-Ur. AG, E.tternal characteristic, 

they cut the charactenstic shows the . Horizontal line. 

terminal P.D. and external current of 

the generator when it is giving the corresponding output. 


3. Characteristics of Separately Excited Generator 

The separately excited generator supplied with constant field 
current has an external characteristic like that shown in Fig. 
10.02. The fall of voltage with increase of current is due to 
two causes, (a) the “ armature drop,’' viz. the volts used in sending 
the current through the armature resistance, (b) the weakening of 


the field by armature reaction. 



Fig. 10.03. —External Characteristic 
OF Shunt-wound Generator. 


If the former only were 
present the total characteristic 
would be a horizontal straight 
line, for the E.M.F. w’ould be 
constant. Owing to the second 
cause it actually lies between 
such a line and the external 
characteristic. 

4. Characteristics of Shunt- 
Wound Generator 
The external characteristic 
of a skint-wound generator is 
shown in Fig. 10.03. 

The drop in volts as the 
current increases is more 
rapid than for a similar, but 
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separately excited machine. The reason is that, in addition to 
the two causes for drop in the latter, the field current of the shunt- 
wound machine diminishes as its terminal voltage falls, thus 
further weakening the field. 

The resistance of the field winding is supposed to be constant in 
obtaining the characteristic, so the generator should be run for 
some time (several hours if it is a large one) before readings are 
taken. Neglect of this precaution wiU increase the voltmeter 
readings, the effect being greatest at first and gradually diminishing 
as the winding heats up. 

As the external resistance is decreased, a point is reached (B on 

the curve) at which any further 



Fig. 10.04.— Characteristics of 
Series-wound Generator. 

.Total and Magnetic characteristic. 

ABC, External characteristic. 


decrease of the resistance 
causes a decrease of current 
owing to the rapid fall in the 
terminal volts. If the resist¬ 
ance is decreased sufficiently 
the voltage falls to zero, and 
the E.M.F. to the voltage due 
to residual magnetism. 

Let OTP be a tangent to the 
characteristic, and PN perpendi¬ 
cular to the current axis. Then 

PN measured on volt scale 
ON measured on ampere scale 

gives the resistance in ohms at 
which a large decrease of 
current occurs for a small 
reduction of resistance. 

The external resistance 


must therefore be greater than the above value or the generator 
will " fail to excite.” And if it is less than the resistance corres¬ 
ponding to point B the voltage will remain on the lower branch 
(CTB) of the characteristic. The higher the external resistance 
the higher the voltage, hence it is best to start a shunt-wound 
generator on open circuit, and to keep the external circuit open 
till the machine has “ built up ” to full voltage. 


5. Characteristics of Series-Wound Generator 

In a series-wound generator the field current is the same as the 
main current, consequently the voltage increases with the current. 
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At first this increase is proportional to the current, but at higher 
values the voltage Increases less rapidly (see Fig. 10.04) owing to 
the decreasing permeability of the iron in the magnetic circuit. 
The total characteristic continues to rise though more and more 
slowly, but the external characteristic rises to a maximum at B 
and then falls. The reason for this is that after a certain point the 
increase of E.M.F. generated becomes less than the increased drop 
due to armature resistance (see Art. 7). 

The magnetic characteristic coincides with the total charac¬ 
teristic in this type if armature reaction is negligible; and the 
magnetic characteristics of other types are similar to this. 

If a resistance line such as 
OR be drawn, it will be seen 
that the generator will fail to 
excite almost entirely until the 
external resistance is reduced 
below the value corresponding 
to OR. If the resistance is 
slightly changed from this 
value the current and voltage 
will change by large amounts, 
i.e, the generator is in a state 
which has very slight stability. 

To obtain good stability the 
generator must be worked 
beyond the steep part. 

6. Characteristics of Com¬ 
pound-Wound Generator 

Since the effect of increase of 
load is to diminish the voltage of 
a shunt-wound generator and to increase the voltage of a series- 
wnund one (except with very large currents), it is possible by 
combining the two methods to make the terminal voltage at full 
load the same as that at no load. The external characteristic of 
such a generator is shown by ABC in Fig. 10.05. It should be noted 
that at loads below full load the terminal P.D. will be shghtiy 
higher, and at overloads lower than the no load value. 

The point, C, at which the generator is flat-compounded, i.e. 
has the same P.D. as at no load, can be made to occur at any one 
load. By choosing this point at about | full load the fluctuations 
in the P.D. are made small over the range of full load. For certain 



isTics OF Compound-wound Gene¬ 
rators. 

ABC. Flat-compounded. 

AD, Over-compounded. 
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purposes (see Art. lo) it is desirable to make the P.D. rise when the 
load increases. This is done by increasing the number of series 
turns. The generator is then said to be over-compounded and has 
an external characteristic such as AD. 



Amperes. 


Fig. 10.06 .—Total Char¬ 
acteristic FROM Exter¬ 
nal FOR Series-wound 
Generator. 

O'QN, External characteristic. 
O'PT, Total characteristic. 


7. Obtaining Total Characteristic from 
External Characteristic 

The total characteristic can be obtained 
from the external characteristic if the 
resistances of the windings are known, 
since armature reaction is included in 
both characteristics. 

In the case of a series-wound machine 
the total resistance (R^ + R^J in ohms 
of the armature and the series winding 
is alone required. The difference between 
the E.M.F. and the terminal P.D. is the 
sum of the armature and series winding 
“ drops,” viz. 

IRa -f IRse = I (Ra + VoltS, 
where I = current in external circuit in 
amperes. 


= current in armature and in series winding. 

Then if BA is this difference for any load current OA, and the 
straight line OB is drawn, it will give the total drop corresponding 
to any current. 

Thus if an ordinate QA be drawn from 
any point Q on the external characteristic 
cutting OB in B, the drop at that load is 
equal to BA. Therefore by producing AQ 
to P where PQ = BA, a point P on the 
total characteristic is obtained. A number 
of such points can be obtained readily and 
the whole curve drawn. 

For a shunt-wound generator a double 
change is necessary. 

Firstly— I, = I -f (see Fig. 10.07) 
where I = current in external circuit in amperes. 

Id = current in armature in amperes. 

Ijft = current in shunt winding in amperes. 



Fig. 10.07 .—Currents 
IN Shunt-wound Gen¬ 
erator. 
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If the last has not been 
measured it can be obtained 
from the formula— 
j _ Terminal P.D. 

** Resistance of shunt winding' 
When the value for any 
one terminal P.D. has been 
calculated, e.g, FG, for a P.D. 
equal to OF (see Fig. 10.08) 
the value for any other P.D. 
can be obtained by drawing 
the straight hne OG. 

Secondly the E.M.F. is 
obtained from the terminal 
P.D. by adding the armature 
drop by means of a construc¬ 
tion similar to that for a series- 
wound generator. This must 
be done after the addition of 
the shunt current, because 
the armature drop equals 
the armature resistance mul- 



Fig. 10.08. —^Total Char.^cteristic 
FROM External for Shunt-wound 


Generator. 

APB, External characteristic. CRD, Total 
characteristic. 

KQ = la = I -f = KP -h KL, PQ = EL. 
EM = E.M,P. = Terminal P.D. -r armature 
drop = QM 4- NM, RQ = NM. 


tiplied by the armature (not the external) current. 

For a long-shunt compound-wound generator a similar construc¬ 
tion serves, but the resistance of the series turns and of the armature 


together must be used in the second (i.e. the voltage) construction. 
For a short-shunt compound-wound machine (see Fig. 10.09) 


three steps are necessary:— 



(a) Find the brush P.D. by adding 
the series drop (IRg^) to the terminal 
P.D. 

(/>) Find the shunt current from the 

, , ^ Brush P.D., , , _ 

formula =- - - and add it 

RsA 

to the external current to obtain the 
armature current. 


Fig. 10.09. — Currents in 
^‘Short-shunt” Compound- 
wound Generator. 

Vi = Terminal P.D. 

V2 = Brush P.D. 


(c) Add the armature drop (IgRa) to 
the brush voltage to obtain the E.M.F. 

All these can be done graphically 
as in the other types. 
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Armature reaction can be taken into account approximately by 
subtracting a suitable amount from the actual excitation. The 
proper amount to subtract can be determined by calculating the 
ampere-turns to balance armature reaction (see Chapter IX.). 

This method is mainly applicable to the pre- 
O4. determination of the external characteristic 
of a design from its magnetic characteristic. 

-Voltage Regulation 

g The voltage of a generator with a given 
§ load current can be altered by changing 

g either its speed, or the strength of the field. 

/ § The former can be effected by means of the 

‘ ^ ^ steam-engine stop valve, but this method is 

Fig. 10.10 —Voltage employed only occasionally, e.g. in ship 
Regulation of Shunt- lighting generators. 

WOUND Generator. Xhe field strength can be altered readily 
AB, Field winding. CD, by the use of a variable resistance, which 
Field rheostat. E.Mov- placed for convenience close to the 

able contact. C, Position ^ i i 

of B for maximnm volts. Voltmeter and other switch gear. 

In the case of a shunt-wound (or a sepa¬ 
rately excited) generator the regulating resistance is placed in series 
with the field, as shown diagrammatically in Fig. lo.io. A decrease 
of resistance strengthens the field and so raises the voltage, the 
maximum value occurring when the resistance is short-circuited. 

For a series-wound gener¬ 
ator the resistance must be in I p 

parallel with the field (see 1 bv. ® 

Fig. lo.ii), so that it shunts 

a portion of the main current o Q 

away from the latter. In this 
case to raise the voltage the 

resistance must be increased, L,_ 1 ^ 

and the maximum voltage Fig. lo.ir. —^Voltage Regulation of 
(for a given main current) Series-wound Generator. 

is produced when the resist- AB, Field winding. C D, Field rheostat (or 
“diverter”). B, Movable contact. F.Posi- 
ance is disconnected so that tlon of E for maximum volts. 

the full main current goes 

through the field winding. If the resistance is short-circuited the 
voltage falls to a very low value. 

The voltage of a compound-wound generator is regulated usually 
by a resistance in series with the shunt mnding. A resistance in 


Fig. lo.ir.—^V oltage Regul.ation of 
Series-wound Generator. 

.AB, Field winding. C D, Field rheostat (or 
“diverter ”). B, Movable contact. F, Posi¬ 
tion of E for maximnm volts. 
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parallel with the series winding may be added if it is desirable to 
regulate the amount of compounding. 

The regulating resistances in series with a shunt field winding 
have to compensate for the increase of resistance due to heating of 
the coils, in addition to producing the increase of field strength 
necessary when the load increases. 

9. Field Rheostats for Shunt-Wound Generators 

If the magnetic characteristic of the machine is known, the efiect 
of resistance in the field circuit can be found by drawing resistance 
lines. These must correspond with the total field circuit resistance, 
i.e. that of the field winding itself together wdth that of the part of 
the rheostat in use. Conversely the resistance needed to produce a 
given voltage can be found. 

If the speed is altered the new voltage or new resistance value 
can be found either [a) by re-plotting the characteristic with its 
ordinates altered in the same ratio as the speed, or (h) by using the 
old characteristic with the voltage scale (length per volt) altered 
inversely as the speed; i.e. volts per unit length changed as the speed. 

Example i. A shunt-wound generator has the following magnetic character¬ 
istic when driven at 400 y.p.m .:— 

Field winding current: 1 2 3 4 5 6 A. 

Armature E.M.F.: 92 i6i 205 228 242 24S V. 

{a) If the field winding has a resistance of 50 ohms when cold and 60 ohms 
when hot, find the open circuit voltage in each condition, and when an additional 
resistance of 1$ ohms is put in series with the hot winding. 

{b) Find the resistance to give 210 V, on open circuit. 

[c] If the machine is driven at 500 r.p.m.,find the voltage with afield circuit 
resistance of 80 ohms. 

The characteristic is plotted in Fig. 10.12. 

[a) OA, drawn through the point 230V.-5 A., is the 50-ohins line; it cuts 
the characteristic in B, showing that the machine generates 239 V. when field 
winding is cold. OG, through 240 V.-4 A., cutting graph in D, gives open-circuit 
voltage 223 V. when field winding is hot. With 15 ohms additional the total 
field circuit resistance is 75 ohms. OE, through 225 V.-3 A., gives this, and its 
intersection F with graph shows that open circuit voltage is lowered to 177 volts. 

{b) Resistance = 210/(3-19) = 66 ohms. 

(c) The volts scale is altered in ratio 400/500, so that what previouslv 
represented 200 V. now represents 250 V. On this scale OG (broken line) 
through 240V.-3 A. gives So ohms, and its intersection H shows that open 
circuit voltage is now 266 volts. 

10. Uses of the Various Types 

Either separately excited or shunt-wound generators, with field 
regulators, are almost universal for all ordinary lighting and power 
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regulation (see Vol. IL). It is used also for isolated lighting 
plants where continuous supervision cannot be given. Over- 
compounding is used when the generator is some distance 
from its load. The rise of generator voltage then compensates for 
that lost in the cables. Series-wound generators are used chiefly 
for arc hghting, either for single lamps (e.g. cinematographs and 
searchlights) or for a number in series, or for welding. Their other 
use is in the Thury high voltage constant current system. They are 
nearly always arranged to give approximately constant current, i.e. 
to work on the drooping part of their characteristic (see Art. 5). The 
droop is increased by designing them with a large armature reaction. 


II. Reversal of Rotation 

If a separately excited generator is driven in the reverse direction 
its polarity is reversed, the positive terminal becoming negative. 



+ 



Fig. 10.13 .—Reversal of Rot.^tion of Shunt-woun’d Generator. 


(a) Original connexions. il) Field connexions reversed (for reversed rotation!, 

(c) Brush connexions reversed (for reversed rotation.) 


and \dce versa. The original polarity can be restored by reversing 
the field current, or by interchanging the connexions between the 
brushes and the terminals. 

A shunt-wound generator rotating the reverse way will fail to 
excite. The reason is that the E.M.F. due to the residual magnetism 
will be reversed. This will send a current through the field windings 
tending to wipe out the residual magnetism, instead of increasing it 
and thus building up the field. To make the machine generate 
properly the connexions between the brushes and the field-winding 
terminals must be interchanged (see Fig. 10.13). Tw’o slightly 
diflerent ways of doing this are possible. 

The second can be done by moving the brush rocker round in 
either direction by one pole-pitch {i.e. J revolution in a 4-pole 
machine, and so on). If this method is adopted the terminals 
retain their original polarity. 
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The same applies throughout to series-wound and to compound- 
wound generators, the connexions for the original and for reversed 
rotation being as shown in Fig. 10.14. 




12. Reversal of Polarity 

The polarity of either a series-wound or a shunt-wonnd generator 
depends on the residual magnetism. If the connexions of the held 
winding to the brushes are correct, and if the external resistance is 
suitable (low for the series-wound, see Arts. 4, 5), the field will be 
built up gradually from the residual magnetism. Hence if it should 
be desirable to reverse the polarity, this can be effected by reversing 

the residual magnet¬ 
ism {e.g. by a field 
current from any inde¬ 
pendent source), and 
then running the gen¬ 
erator in the usual 
way. For most prac¬ 
tical purposes it would 
suffice to interchange 
the main connexions, 
thus leaving the pol¬ 
arity of the machine 
unchanged but revers¬ 
ing the current through 
the external circuit 
The two types 
of winding differ, 
however, in their be¬ 
haviour regarding 
. ^ undesirable reversal of 

polarity. If the external circuit contains an opposing E AIF it 
may accidentaUy overpower that of the generator and cause a 
reversal of the armature current. 


(fl) Series. 


(6) Series, reversed. 




(c) Compound, original [d) Compound reversed, 
connexions. 

Fig. TO. 14 .—Reversal of Rotation of Series- 
AND Compound-wound Generators. 


In a series-wound generator this implies a reversal of the field 
current and therefore of the polarity. The two E.M.F.s will then 
be in the same direction, resulting in an excessive current and 
damage from overheating. 

^ to a shunt-wound generator the field current remains in its 
ongmal direction (see Fig. 10.15), and so the two E.M.F.s remain 
m opposition. The current vrill therefore be kept down to a 
reasonable value, and on the removal of the accidental cause of the 
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excess of the opposing E.M.F. the currents will return to their 
original directions. 

The most usual case of this sort is in the charging of accumu¬ 
lators. Hence shunt-wound generators are suitable for this 
purpose, but series-wound ones are not. Even a compound winding 
is inad\isable because of this effect with its series turns. Moreover, 
since a series-wound generator will not excite on open circuit it is 
impossible to charge cells with one, except by special and trouble¬ 
some arrangements. 

13. Generators in Parallel 

In a D.C. power station a number of generators are usually 
connected in parallel. This 
enables the number of gener¬ 
ators in use to be adjusted to 
suit the load; and permits 
any generator to be disconnected 
for repairs without interruption 
of the supply (see further 
Vol. II.). 

The way in w’hich two or 
more generators in parallel 
share a given load depends on 
the characteristics of the gener¬ 
ating sets. These differ from Fig. 10.15.— Reversal of Arm.-iture 
the characteristics of the gener- Current in Shunt-wound Gene- 
ators themselves in taking into rator. 

account the changes of speed direction of current, 

due to changes of load. The 

extent of these changes depends on the governing arrangements 
of the driving engine. 

When these characteristics are knowm a combined characteristic 
can be obtained by adding the separate currents at a number of 
equal voltages (since generators are in parallel). From this the 
voltage for any combined load can be read off, and thence the 
current supphed by each machine found (see Example 2). 

If the characteristics can be represented with sufficient accuracy 
by straight lines the results can be obtained by calculation instead 
of graphically (see Example 2). 

The same method can be used to deal with the generators in 
parallel with a battery, treating the battery as an additional 
generator with its owm volt-ampere characteristic. 





240 



Fig. 10.16.—Characteristics or Two Generators in Parallel. 

-The combined characteristic is obtained by finding the centre points of horizontal lines joining 
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Example 2. Two shunt generators, A and B, operating in parallel shau 
_ mlly a total load of 300 A. at 220 volts. Their load cJiaracteristies fcr the 
excitations at which they are operating are as follows :— 


Terminal volts . 

. 230 

227-5 

224 

220 

215-5 

Load amperes 

0 

50 

100 

150 

200 

Terminal volts . 

. 240 

235 

228-5 

220 

209-5 

Load amperes . 

0 

50 

100 

150 

200. 


If the total load changes to (a) 200 A.. (6) 400 A., how will these new loads 
he shared by the machines? 

What should he done to make the machines share these loads equally? 

The given characteristics are plotted in Fig. 10.16. From this the combined 
characteristic is drawn to half the previous current scale. 

[а] The point P shows the terminal volts are 225and the horizontal 
line QPR shows the loads are 80 A on A and 120 A on B. 

Alternatively:—For currents a small amount under 100 A,, 

Va = 231 - 0-07 Ia, approx.; 
and for currents a small amount over 100 A., 

Vb = 244-5 — o-i6 Ifl, approx. 

Since Va = Vb it follows that 0’i6 Ib — 0*07 Ia = 13-5.(i) 

and it is known that Ib -f- Ta == 200 .(2) 

(i) X 100 + (2) X 7 gives 23 Ib = 2 750 
whence Ib = 120 A., approx. 

(б) The point S shows the terminal volts are 213^, and the horizontal 
line TSV shows the loads are 217 A on A and 183 A on B. 

Alternatively the method used for [a) maybe employed. The approxima¬ 
tions for Va and Vu must be changed since the characteristics are not straight 
lines. 

To make the generators share the load equally in case (a) the excitation 
of A must be decreased or that of B diminished, or both these changes made, 
by adjusting their field rheostats. In case (6) adjustments must be made in 
the opposite directions. 

An alternative is to alter the speeds in a similar way by adjustments to 
the engine governors. 


14. Relations of Dimensions, Speed, and Output 

The output of a generator of a given size varies directly as the 
speed, provided the flux is unaltered. Since suitable values for the 
flux-density are settled approximately by other considerations {see 
Chapter IX., Art. 29) this relation (output oc speed) is nearly true 
for all usual conditions. 

In comparing generators of similar design but different sizes the 
following approximate relations hold good:— 

(a) Output oc length of armature core. 

(&) Output oc (diameter of armature core)^. 

The truth of the former of these can be seen by comparing two 
dynamos differing only in length, the flux-density being kept 
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constant. The longer one will produce a correspondingly larger 
E.M.F. and-can carry almost the same current, i,e. its output is 
increased in proportion to its length. Further, by altering its 
winding it may be made to carry a larger current and produce a 
smaller voltage, keeping the output unchanged at its increased 
value. The length to be used in this formula is the gross length of 
the core, although the active length of each conductor is a smaller 
length. The reason for this is that ventilating ducts (see Art. i8), 
which reduce the net length, should be introduced only when they 
increase the permissible current by improved ventilation, more than 
they reduce the voltage by diminishing the flux. 

Relation (&) is approximately true because, firstly, an increase of 
diameter means a corresponding increase of peripheral speed if 
the r.p.m. are unchanged. And, secondly, an increase of diameter 
allows a larger number of conductors (or the same number of larger 
sized conductors) to be wound on the armature. Each of these 
changes implies a corresponding increase of output, and therefore 
the output increases approximately as the square of the armature 
diameter. 

These three relations are summed up by the use of an output 
coefficient, which is defined as being equal to WIdHn, 
where W = output of d5mamo (watts), 
n = R.P.M., 

d = diameter of armature core, 

and I — gross length of armature core. 

If the above relations were exact this output coefficient would be 
constant. Actually its value rises as the size of the dynamo 
increases, as shown in the following table for machines without 
fan ventilation:— 


Dla-meter of Armature 

Output Coefficient [ 

\dHnj 

Centimetre Units 

Inch Units 

25 cm. 

1 10 in. ! 

•0015 

‘024 

50 

20 „ 

•0024 

■039 

100 „ 

40 ,, 

•0033 

■054 

150 » 

60 „ 

■0038 

•062 

200 „ 

' So „ 

•0042 

•068 



Speed and Size 


:^05 

With fan ventilation the given values may be increased by 25 
per cent, up to 20 in. dia., and by *0006 (cm. units) or 'Oio (inch 
units) for larger sizes. 

The reasons for the increase of the output coefficient with size 
of machine are:— {a) The assumption of a fixed flux-density is 
approximate only; in larger machines a higher value may be used 
with advantage. For the sizes covered by the above table the 
average flux-density ranges from 45 kilolines per sq. in. to 65 kilo¬ 
lines per sq. in. {b) In larger machines more ampere-conductors 
per inch (or per cm.) may be used. The variation of this “ electric 
loading" for the above sizes is about from 400 to 1000 ampere¬ 
conductors per inch of armature periphery. It can be shown 
readily that the output coefficient is proportional to the average flux- 
density in the air-gap multipHed by the electric loading. 

The chief use of the output coefficient is in obtaining approxi¬ 
mate dimensions in designing a generator for a given output. It 
must be regarded only as a rough approximation, and a high value 
of it is desirable only provided the good qualities of the dynamo 
have not been sacrificed to it. 

15. Speed and Size 

The speed suitable for a generator depends partly on its size, 
and partly on the type of engine driving it. Very large generators 
are nearly always alternators driven by steam turbines. In these 
the maximum speed is settled by the frequency used, e.g. for the 
British standard of 50 cycles per sec. two poles require 3 000 r.p.m. 
This speed is used in all but the very largest macldnes, which have 
four poles and are driven at 1500 r.p.m. 

With high speed enclosed vertical reciprocating engines, which 
were the type most used previous to the introduction of the turbine 
and which are still useful for small outputs, much lower speeds are 
suitable. For B.C. generators standard values are 625 r.p.m. for 
30 kW., 500 r.p.m, for 100 kW”., 300 r.p.m. for 500 k\V., and 250 
r.p.m. for 1000 kW. 

With other types of steam-engine still lower speeds become 
necessary, e,g. 83 r.p.m. for 1000 kW. and 107 r.p.m. for 100 kW. 
with slow speed horizontal engines. Similar speeds are used with 
oil engines. 

The diameter of the armature is limited by the centrifugal force, 
and the stress caused by this depends mainly on the peripheral 
speed. Now the peripheral speed is proportional to (armature 
diameter x r.p.m.) or d x n. If this is assumed to be constant 


E. E.. VOL. I. 


20 
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the output coefficient (Art. 13) is equal to - - - —and there- 

uL X constant 

fore the output is approximately proportional to dl. This relation 
is made use of by means of Steimnetz^s output coefficient, which is 
d X I 

■ -. If the output is in kilowatts and d and I in inches this 

output 

coefficient has a value of 2 to 2*5 for dynamos of 500 kW. and 
upwards, rising to 3-5 for 200 kW. and to 5 for 100 k\V. For high 
speed dynamos these values will be lower. 

The uses of this coefficient are the same as that of the one 
defined in Art. 14, but it should be noted that a high value of the 
Steinmetz coefficient means a small output for a given size. 

16. Choice of Number of Poles 

The best number of poles to use in a generator of a given output 
depends on a large number of factors. The only really satisfactory 
way of determining it is to carry through alternative trial designs 
with different numbers of poles. The numbers adopted by dif erent 
makers differ considerably, but the following figures give the general 
practice for D.C. generators driven by reciprocating engines. 


No. OF Poles 

High Speed Engines 

Low Speed Engines 

2 j 

Up to 4 kW. 

Up to 2 kW. 

4 

3 kW. to 100 kW. 

2 kW. to 40 kW. 

6 

50 kW. to 250 kW. 

30 kW. to 150 kW. 

8 

200 kW. to 600 kW. 

100 kW. to 400 kW. 

12 

400 kW. to 2 000 kW. 

300 kW. to 1500 kW. 

16 

750 kW. upwards. 

400 kW. to 2 000 kW. 


If dH is fixed (see Art. 14) the maximum value of d is settled by 
the permissible peripheral speed. A high value leads to good 
utilisation of the active material of the armature, because it makes 
V large in the formula E = B/'j X 10^, and so reduces the total 
length of active conductor required. The length of the end con¬ 
nexions, however, increases owing to the increased pole pitch, and 
the magnets and the armature spider become more expensive as 
d increases. Consequently it is only for high speed generators that 
the peripheral speed ever limits the diameter. 
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Since a circle has a smaller periphery than any other hgure of 
the same area it is economical to make the magnet cores circular if 
possible. Similarly with laminated poles a square cross-section 
gives a cheaper field winding than a rectangle with unequal sides. 

With circular poles the ratio of core diameter in length varies 
directly as the number of poles. It depends also on the ratios 

pole-arc . shoe-length , . , . , . , ^ 

— f- Ihe former is always m the neighbour- 

pole-pitch shoe-width ^ 

hood of 07. The shoe ratio is the same as that of the magnet 
core or nearly so, i.e. close to unity for cast cores, and rather 
more for laminated ones; and djl is settled by these ratios, 
and so is approximately constant. Thus the number of poles 

— j X constant, approximately (see example). The same applies 

b 

to square poles with a different constant. Further, a few large poles 
require less wire than a larger number of smaller poles. E.g, one 
large circular pole has a periphery only half that of four circular 
poles of the same cross-section and therefore each of half the 
diameter of the large pole. The general relation is that the length 
of wire required varies as VNo. of poles. 

Even if the circular (or square) shape has to be departed from 
there is still some saving by the use of few poles. 

On the other hand a large diameter improves the ventilation 
and an increase in the number of poles improves commutation. 
This is due to the greater subdivision of the current, which diminishes 
both the reactance voltage and the armature ampere-turns per pole. 
A rough guide is to take the number of poles equal to (total amperes 
-r 200). In small machines a larger number of poles is usually 
necessary from considerations of heating and of armature reaction. 


Example 3. Find the overall dimensions of the armature core for a generator 
to give 500 kW. at 525 volts, when driven at 300 r.p.m. 

Using inch units and assuming an output coefficient of *06, 

W 

i.e. = 'Oo 

d-ln 

500 X 1000 o 

dH ■ - -z- = 27 800. 

300 X *06 

Therefore possible values are:— 

= 60; 55; 50; 45 in. 

I ^ y.y. g.3; II.i; jyg in, 

d 

7*8; 5-9; 4*5 i 3*24- 


2y= 15*6; II-8; 9-0; 6 - 5 - 
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{If it is desired to use circular magnet cores, then with ordinary proportions 
the number of poles =2-^ approximately. For rectangular cores, 2-4 y.) 

Now I = - - - - = 952 amperes, 

so 6 poles might be used (see above) hut probably S or 10 poles will be most 
suitable (see p. 306). 

Take 8 poles; 

/. make i = 4^ in.; 

/. output coeflScient = *057 (Art. 14): 

, 500 X 1000 

I — - - -T-scs' = 127 m.; 

300 X *057 X (48)- 

make I = I2| in. 

TT X jS X 300 
12 

which is reasonable. 

Diameters up to (18 000 jn) will give-peripheral speeds which are allowable. 



Fig. ro.17.— Toothed Ajimature Core-plates. 

17. Armature Cores 

The armature laminations (see Chapter VIIL, Art. 4) are threaded 
directly on the shaft in the case of small dynamos. In the smallest 
sizes the iron is continued right down to the shaft [Fig. 10,17 («)]. 
In larger sizes holes are cut in the plates [Fig. 10.17 (Z?)]; these 
lighten the armature and improve its ventilation. Nearly all the 
magnetic lines pass through the ring of iron outside these holes. 
Thus very few pass through the shaft, and consequently eddy 
currents in it are almost aboHshed. 

In both cases the laminations are clamped between two end 
plates, usually made of cast iron. One rests against a collar on 
the shaft, and the other against a nut which is tightened so as to 
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Fi'g. io.iS.—Section of Small 
Armature Core. 



Fig. 10.19 .-—Armature Core and 
Spider. 

BB, Bolts. 


hold the plates firmly (Fig. 10.18), or against a split-ring sprung into 
a notch in the shaft. Driving of the plates is effected by a feather 
on the shaft which fits the keyway in each disc. 

In larger sizes still the core-plates become rings, which are 
carried on a “ spider ” of cast-iron or cast steel keyed to the shaft. 
Fig. 10.19 shows one method by which the spider drives the lamina¬ 
tions. Bolts run from end to end of the core, each of them hing 
half in a recess in the ends of the arms of the spider, and half in a 
similar recess in the plates. End plates are used as before, but they 
are clamped by nuts on the bolts in this method of construction. 

In the largest armatures the core-plates are divided into sections, 
usually of one of the shapes shovm in Fig. 10.20. In pattern [a] 
the projections on the inner sides of the plates fit in corresponding 
grooves in the ends of the spider arms. They are thus held in 
position against centrifugal force by this dovetailing arrangement. 
End rings bolted to the spider arms are used to prevent side play. 
In pattern (&) bolts are run from end to end of the armature through 
the holes in the core-plates and through the end rings. 

In building up an 
armature core with 
plates in sections the \ / 

joints are “ staggered,” _ 7^ 

i.e. the joints in each 

layer are opposite the jrjg_ 10.20 .—Core-plates for Large 
centres of the plates in Armature. 
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the adjacent layers. This is shown in Fig. 10.21, the full lines 
denoting the joints in one layer, the dotted ones those in the layer 
below it. The magnetic circuit is better with staggered joints 

than if all the joints lay 
in the same plane. 

18. Ventilating Ducts 
Ventilating ducts are 
usual in all armatures 
except small or very short 
ones. One mode of pro¬ 
viding these is to use a 
plate similar to the other 
core-plates but thicker (say 
60 mils). The teeth are 
twisted at right angles so 
as to support the teeth of 
the plates on each side of 
the duct. The thick plate has also bosses formed on each side for 
the support of the remaining portions of the plates. 

In another method brass distance pieces are used instead of the 
bosses; and in a third method the teeth are not twisted, but 
l-shaped steel or brass distance pieces are carried up nearly to the 
tops of the teeth, and are spot-welded to the thick plate. 

The spider and clamping rings must be designed so as to allow 
air to come along the centre of the armature to these ducts. Some¬ 
times a fan is fitted so as to increase the air circulation. In motors 
this can be effected 
by making the pulley 
spokes like fan blades, 
and in large generators 
the same can be done 
with the commutator 
spider. These methods 
reduce the cost, but 
are less effective than 
separate fans. These 
are as large in diameter 
as is convenient, and fitted on the end away from the commutator. 

In large armatures the ventilating ducts are usually 2 in. to 
4 In. apart, and J in. to | in. wide, and one is placed between 
each end plate and the stampings. 


Teeth given quarter turn. 



Fig. 10 .22 .—Plate for Ventil.\ting Duct. 



Fig. 10.21. —Portion of Large Armature 
Core and Spider. 

BB, Bolt holes and seatings for commutator 
spider. 




Shafts 


19. Shafts 


Shafts for dynamos are made of best forged mild steel. The 
spider (or the laminations themselves in small machines) is usually 
attached to it by a feather, or a ke}rvvay and a key, fitting a kepvay 
in the spider. Sometimes two keys 90® apart are used, and 
occasionally a larger number. 

It is important for the shaft to be stiff, since changes in the 
air-gaps will alter the flu.x and therefore the E.M.F.s in the various 
conductors. The forces acting on the shaft are (a) the torque 
transmitted from the steam engine in a generator, or to the pulley 
in a motor, {b) the bending moment due to the weight of the complete 
armature, and (c) magnetic forces if the field is not quite symmetrical. 

The last may alter due to wear of bearings or other changes, 
and is in any case difficult to calculate. A large factor of safety is 
therefore taken in designing. 

Allowing a stress of 8 000 lb. per sq. inch the diameter to transmit 
the torque is given by— 


i = 3 - 4 V^ 

r.p.m. 




Fig. 10.23.—Portion of Dynamo 
Shaft. 

A, Portion of armature seating. 

B, Commutator seating. 

C, Journal. 

D, Oil thrower. 


where d is the diameter in 
inches. 

The bending moment at the 
centre can be calculated, an 
allowance made for magnetic 
forces, and the necessary thick¬ 
ness at the centre to withstand all three sets of forces obtained. It 
is more usual, however, to employ a semi-empirical formula, e.g. 
to make the diameter at the thickest part from 3 (in small 
dynamos) to 2-i (or rather less in very large ones) times the value 
given by the above formula; or— 


d = > —where k = yi to 10. 

r.p.m. 

Usually the diameter is reduced for the commutator seating, 
and further reduced for the journals. The total reduction is 
generally 15 per cent, to 30 per cent. In large generators (over 200 
kW.) the commutator is carried on a bracket attached to the 
armature spider (see Art. 22). The shaft is then tapered from the 
armature seating to the journals. 

Oil-throwers are fitted between the journals and the armature 
and commutator seatings, to prevent oil creeping along the shaft 
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and possibly spoiling the insulation of the dynamo. They consist 
of sharp-edged rings, shrunk on to the shaft or attached to it by 
screws (see Fig. 10.23). 

20. Bearings 

Bearings of large machines are always of the self-oiling type. 
Oil-rings (usually two) rest on the journal and axe rotated by it. 
They dip into an oil well, and so continually bring a supply of oil 
to the top of the journal (see Fig. 10.24). The height of oil in the 
well is shown by a glass gauge connected to it by a pipe. A tap is 
also connected to this to allow the oil to be run off when it has 
become dirty. The oil-thrower is inside the outer casing. The 
bush is usually of gun-metal, or of cast-iron with a white metal 


A 



lining cast in, but sometimes a plain cast-iron bush is used. Spiral 
channels are cut in the bush to assist the distribution of the oil. 
Openings with covers are provided in the top of the casing so that 
it can be seen whether the oii-rmgs are working properly. 

The bearing, especially in high speed machines, is sometimes 
provided with a spherical seating so as to allow it to swivel somewhat 
and take up its proper alignment with the shaft. 

In small machines ball bearings are often employed. This type 
is particularly useful for small induction motors in which the air-gaps 
are very small. For intermediate sizes roller bearings are used. 

21. Insulation and Attachment of Armature Coils 

In “ former-wound ” or “ wire-wound'' armatures (see Chapter 
VIII., Art. 7) each wire is double cotton-covered (D.C.C.). The 
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The coils are held in the slots by wedges of w’^ood or vulcanised 
fibre. With open slots the wedges are held in grooves punched for 
the purpose at the top of the slots (see Fig. 10.25). TOh roofed 
slots the projections of the teeth serve to hold the wedges (see Fig. 
10.26). \\dien no slot-lining is used a strip of mica, presspahn, or 
red rope paper is placed above the coil insulation to protect it from 
damage when inserting the wedge. 

In all cases binding wires are used to secure the coils, and some¬ 
times these are relied on altogether, wooden wedges being dispensed 
with. The ends of the coils lying outside the slots are always 
bound, and the central parts are bound when open slots are used. 
The binding wire is steel, 25 S.W.G. to 16 S.W.G., and is put on in 
the form of a band of several turns of one continuous wire. At 
intervals the wires forming a band are soldered together with a 
tinned copper clip, and the ends are secured by a special clip of 

tinned copper. A band of mica- 



nite cloth is placed under the 
wires before winding to protect 
the conductors. 

22. Commutator Construction 

An example of typical com¬ 
mutator construction is shown 
in Fig. 10.27 (see also Chapter 
VIII., Art. 6). 

•The copper segments are in¬ 
sulated from each other by mica, 


25 mils to 40 mils thick. This mica should be soft so as to wear 
away as rapidly as the copper. They are held between two V-rings, 
from which they are insulated by micanite rings in. to J in. thick. 
The segments must be suitably tapered, since mica occurs in parallel 
plates. The thickness of the segments at the top is about J in., 
varying according to the voltage of the machine. The averagevolts 
per segment” should not exceed 15, i.e. the number of segments 
between a positive brush and the nearest negative one should not 
be less than of the voltage. The peripheral speed is usually not 
greater than 3 000 ft. per min., except in turbo-generators. 

The commutator in small dynamos is mounted on a sleeve which 


is keyed directly to the shaft, or to an extension of the armature 
sleeve or spider. In larger machines a commutator spider is used, 
and this is generally bolted directly to the armature spider, or 
mounted on a sleeve extending from it. 


Commutator 


For turbo-generators the commutator has to be long, owing to 
the high r.p.m. It is therefore supported against centrifugal force 
by two or more steel rings shrunk on over mica insulation. 




(a) {b) (f. 

AA, Ends of armature End view. Section. 

conductors. C, Commutator segment. 

Fig. 10.28 .—Commutator Risers. 


The radial wearing depth of commutator segments should never 
be less than | in., increasing up to in. for commutators over 2 ft. 
in diameter. For intermediate sizes the w'earing depth is roughly 

{-in., where d — diameter of commutator in inches. 

V24 8/ 

The connexions of the commutator to the armature conductors 
are made by strips of tinned copper, called risers. These are 
sweated into a saw-cut made in the comer of each commutator 


segment, and rise radially to the ends of the armature coils to which 
they are connected [see Fig. 10.28 («)]. Sometimes a rivet is used 
to give additional security. 

In wire-wound armatures the ends of the coils are left long 
enough to be brought down to the com¬ 


mutator and sweated to lugs on the 
segments [see Fig. 10.28 (&)]. 

In evolute windings (see Chapter VIII., 
Art. 7) the end connexions may take the 
place of the risers, or else short risers 
may be necessary depending on the 
diameter of the commutator and the 
length of the evolute connectors (see 
Fig. 10.29). 



Fig. 10.29.—Evolute 
Connector. 


23. Equalising Rings 

The eqnalising rings are usually mounted on the armature spider, 
or the extension of it which supports the coil. One form of 
construction is shown in Fig. 10.30. 
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Fig. io.3o.-~Equalising Rings. 

.AA, .Armature bars. D, Bracket end ring of armature core. 

BBB, Equalising rings. HI, Insulating blocks. 

C C C, Strip copper connexions from A A, to B, L, Armature laminations, 

S S, Armature spider. 

An alternative method is to make them the same diameter as 
the commutator, and mount them on its spider with insulation 
between (see Fig. 10.31). They can then be connected to the 
appropriate segments of the commutator. 

A third method is to use double risers for the commutator, so 
that each coil end is connected to two segments a field pitch [i.e, 
two pole pitches) apart. These double risers are arranged in two 
layers in the same way as evolute armature connectors (see previous 
Art.). This method gives very good equalisation, but adds con¬ 
siderably to the amount of copper used. 



A A, Ends of armature bars. 
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24. Brush-Holders 

Brush-holders for carbon brushes are usually of the box type. 
An example is shown in Fig. 10.33. 3 -rni is clamped to the 
brush spindle. At its outer end it has a box, open at top and 



.A. A, Am clamped to brush spindle. D, Pressure arm. 

B B, Carbon brush. E, .Adjusting nut. 

C, Flexible copper connector. F, Screw with hat. 


bottom, in which the brush can slide. The brush is pressed on to 
the commutator by an arm which is free to rotate, and a spring 
with a screw and nut for adjusting the pressure. The brush is 
connected to the fixed arm by a flexible conductor, so as to avoid 
sending the current through sliding contacts 
unnecessarily. The flexible connector may be 
attached to the brush by a screw, or soldered 
to a clip which can be slid on to the dovetailed 
end of the brush (see Fig. 10.34). The upper 
part of the brush is coppered to improve the 
connexion. 

An alternative is to make in the brush a 
hole, wider at the bottom than at the top. The 
flexible is placed in this, and the whole filled 
with powdered metal; by compressing this a 
good connexion is secured. 

The advantage of the box type is that 
the moving parts are light, and consequently the brush can 
follow irregularities of the commutator even at high speeds. 
On the other hand there is a tendency for the brush to tilt and 
so work stiffly in the box. 



Fig. 10.34 .—Clip 
FOR C-ARBOX Brush. 


C, Coppered end of 
carbon brush, 
il, Metal clip. 

W, Flexible connecting 
wire. 
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In turbo-generators carbon 
brushes are sometimes used with 
pads supplied with air under pres¬ 
sure instead of springs. It was 
usual to employ copper or brass 
wire brushes, but carbon brushes 
have become more general. Another 
box type brush-holder, made by 
the Westminster Engineering Co., 
is shown in Fig. 10.35. advan¬ 
tages are that it occupies very little 
circumferential space and that the 
spring is entirely enclosed and presses 
directly on the brush. A modified 
form with stronger parts is suitable 
for turbo-generators. 

25. Brush Rocker 

Each brush spindle carries several 
brushes, except in the smallest 
machines, because a number of 
small brushes make better contact 
than a single large one. Moreover, 
if one requires attention it can be removed from the commutator 
temporarily without interfering with the running of the machine. 
All the spindles are attached to the same brush rocker, or brush 



Fig. 10.35.—Box Type Brush- 
holder WITH Radial Spring. 



CABLE 


'^CONNECTING CABLE 


Fig. 10.36.— Brush Rocker. 

A A, Supporting pieces clamped to bearing. B B, Halves of brush ring. 





Brush Rockers 





Fig. 10.37. —Portion of Large Brush Rocker. 

A, Rocker ring. B, Bracket attached to yoke. C, Nat pivoted to rocker. 
D, Collar pivoted to yoke. B, Hand wheel. F, Magnet yoke. 


ring, but are insulated from it by a sleeve and washers of ebonite 
or mica (see Fig. 10.36). 

In small machines the rocker is supported on a casting which is 
either in one piece with the bearing cover, or is attached to it. 
Alternate spindles are connected together by insulated cables, and 
the main leads are each attached to one spindle. Only the positive 
connexions are shown in the figure. A handle is pronded for 
shifting the brushes. 

In larger machines the rocker is supported by a number of 
brackets attached to the yoke. The connexions of alternate 
spindles are made by two rings of copper strip, with short flexible 



(a) Side visw. (^>) Sectional end view. 

Fig. 10.38—Attachment of Pole to Yoke. 
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leads to the spindles. The rocker is shifted by a hand wheel and 
screw (see Fig. 10.37). 

26. Poles 

The simplest method of attaching the poles to the yoke is by 
means of a couple of screws (see Fig. 10.38). When the yoke is of 
cast-iron the pole seat consists of a wrought-iron plate so as to avoid 
high reluctance in this part. With cast-steel yokes the pole seat is 
cast with the yoke, and sometimes the pole-cores are cast with it also. 

Laminated pole-cores may be attached by screws holding a bar. 
This bar is either dove-tailed or circular, and passes through corre¬ 
sponding holes in the 
pole - core laminations 
[see Fig. 10.39 [a], (6)]. 

An alternative 
method is to cast the 
poles into the yoke. 
They are provided with 
grooves to ensure firm 
attachment [see Fig. 

10.39 («). wj- 

If the poles are “cast- 
in," or are in one piece 
with the yoke, the pole- 
shoes must be separate 
from them to enable the 
field coils to be placed 
on the pole-cores. In 
this case the pole-shoes 
are usually attached to 
the cores by screws. 

With poles attached to the yoke by screws the pole-shoes may 
be in one piece with the cores, but they are sometimes separate in 
this case also. 

Except in small machines the yokes are divided across a hori¬ 
zontal diameter to facilitate removal of the armature, etc. 

Laminated pole-shoes are required when the air-gap is narrow 
and wide, open slots are used. Otherwise eddy currents are pro¬ 
duced in the shoes by the swajing to and fro of the lines as the 
armature teeth pass under the poles; some hysteresis loss is pro¬ 
duced by the same cause. The shoes are set in vibration by the 
varying magnetic pull, and therefore emit a characteristic hum. 





Fig. 10.39 .—Methods of attaching Poles 
TO Yoke. 
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QUESTIONS ON CHAPTER X 

1. Draw external characteristics for sh.unt and series generators respec¬ 
tively, and explain their shapes. 

2. Draw to scale characteristics of a series-wound and of a shunt-wound 
generator. From these obtain curves showing how the current varies as the 
external resistance is altered in each case. 

3. For what purposes are shunt-wound, series-wound, and compound- 
wound generators respectively used ? Give reasons. 

4. What are the external, total, and magnetisation characteristics of a 
machine ? Draw the first for series- and shunt-wound generators, and show 
how to obtain the “ total characteristic ” from the external in a shunt-wound 
generator, giving a numerical example. 

5. Describe an experiment to determine the external characteristic of a 
shunt-wound generator. 

What further measurements are required to obtain the total characteristic ? 

6. A certain armature generates 115 volts at 600 r.p.m. and can give out 
90 amperes. 

State the approximate values of the E.M.F. and of the watts or:— 

(fl) The same armature at 1200 r.p.m. 

At 600 r.p.m.; (6) An armature twice as long. 

{c) An armature of double the diameter with conductors of the same 
size. 

(d) An armature of double the diameter but with the original number 
of conductors instead of original size of conductor. 

State the assumptions made, and give the general relation for all cases. 

7. State approximately the way in which the output of a generator 
depends on the speed and the dimensions of the armature. WTiat two causes 
limit the permissible speed of a given armature ? 

. If a 150-kilowatt generator driven at 420 r.p.m. has an armature 41 in. 
diameter X 9 in. long, find suitable dimensions for the armature of a 400- 
kilowatt generator driven at 100 r.p.m. 

8. WTiy are multipolar generators usually employed ? 

9. When must (a) the armature core, (6) the pole-pieces, and {c) the 
conductors of a dynamo he laminated, and in what direction should the 
laminations go ? 

10. Describe and sketch the method of building up an armature core of 
moderate size. Give reasons for the method and materials used. 

11. WTiat are the advantages and disadvantages of fitting a fan to a 
generator ? Why are the advantages less marked (a) at very low speeds ; 
(6) at very high speeds ; than at mc^erate speeds ? 

12. A direct current series generator is driven by a motor and con¬ 

nected to a resistance of 50 ohms. It fails to give an appreciable current. 
State two possible causes for this failure and how you would overcome the 
difficulty. [G. & G., II. 


E. E., VOL. I. 


21 
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13. A " long shunt ” compound-wound generator driven at constant 
speed gives the following readings:— 

External current: o; 10; 20; 30; 40; 50 amperes. 

Terminal P.D.: 228; 231; 234; 236; 234; 228 volts. 

Resistance of armature = o-i8 ohm. 

Resistance of series winding = o*o6 ohm. 

Resistance of shunt winding = 145 ohms. 

Find graphically the total characteristic. 

If it were connected " short-shunt " what E.IM.F. would he needed to give 
22S volts at the terminals at full load (50A) ? 

14. Show by diagrams all the possible ways of altering the connexions of 
a compound-wound interpole generator so as to make it suitable for driving 
in the reverse direction. 

15. A shunt wound D.C. generator driven at 500 r.p.m. has the open- 
circuit curve given by the following table:— 

Field amperes 0*5 1*5 2*5 3-5 4-5 5*5 6-5 

Open-circuit volts 64 170 242 284 308 320 326 

Find the open-circuit voltage of the machine when the resistance in the 
shunt circuit equals 64, 80, and 90 ohms respectively. What will be the 
open-circuit voltage at 600 r.p.m. with shunt circuit resistance 80 ohms ? 

16. Two shunt generating sets are adjusted to share a load of 100 kW. 
equally at a terminal P.D of 230 V. Assuming that their volt-ampere 
characteristics are straight lines rising to 240 V. and 245 V. respectively on no 
load; find how the load is divided between them when the total current is 
reduced to half its original value. 

What is the new terminal voltage ? 



CHAPTER XI 

DIRECT CURRENT MOTORS 

1. Dynamo Used as a Motor 

Every djmamo can be used as a motor, i.c, when supplied with 
electrical energy it can convert some of this into mechanical energy, 
and so may be used to drive machinery of any sort. This is the 
reverse of its action as a generator, w’hen it receives mechanical 
energy, e.g, from a steam engine, and delivers electrical energy. 

The motor action depends on the fact that a current-carrying 
conductor lying across a magnetic field is acted on by a force, 
perpendicular to itself and to the direction of the field. The 
direction of the force is given by the Left Hand Rule which 
is: Place the thumb, fore-finger, and middle finger of the left hand 
at right angles. Point the fore-finger in the direction of the field, 
and the middle finger in the direction of the current. Then the 
thumb points in the direction of the force exerted, and therefore of 
the motion due to this force (cf. the Right Hand Rule, Chapter 
VIIL, Art. 5). When the field magnets are excited and the 
armature is supplied with current from an external source, all the 
conductors under one pole carry currents in the same direction, 
all those under the next pole (of opposite polarity) carry currents 
in the opposite direction, and so on round the armature (cf. 
Chapter VIIL, Art. 12). 

All the forces therefore tend to rotate the armature in the same 
direction, and this distribution of currents is maintained by the 
commutator in spite of the rotation of the armature. Thus a 
continuous driving torque {i.e. twisting moment) is maintained, 
which keeps the armature rotating unless the resisting torque 
becomes greater than that which the armature can exert. 

In the case of a toothed armature the pull comes mainly on the 
teeth, hut the torque has the same value as for a smooth armature 
with the same total flux, and the same number of conductors with 
the same current in them. 

2. Back E.M.F. and Torque Calculations 

\Vhen the armature of a motor rotates its conductors have an 
E.M.F. developed in them. By Lenz's law^ (see Appendix A) this 
E.M.F. opposes the current. This agrees with the result obtained 
323 
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by applying the Left Hand Rule and the Right Hand Rule to the 
case of a single conductor. 

This E.M.F. is therefore usually called the back E.M.F. 

Let E = P.D. applied to the brushes in volts, 

Ej = back E.M.F. of the armature in volts, 

= armature current in amperes, 

Rfl = „ resistance in ohms. 

Then I„ = ^ or E = Ej + IX- 

The electrical power supplied to the armature is watts, 
which is equal to (Ej, -{- I A) = watts. The 

second term represents the power wasted in heating the armature. 
Therefore EJa gives the remainder of the power which is converted 
into mechanical power; or in words:— 

Mechanical power developed by the armature 

— (back E.M.F.) x (armature current). 
Let T == torque in Ib.-ft. 

n = r.p.m. of armature. 

Then, since i H.P. is 33000 ft.-lb. per minute, the power of the 

armature = H.P. = X 746 watts; 

33000 33000 

33000 

33000 j 
2Tm X 746 


Now ' Eft = - 

60 X 


VIIL, 


60 X 10® ■ 

Moreover, the current in any one armature conductor is 


2a' 


so 


‘ — is the ampere-conductors on the armature; 

2a 

•1173 

/. the torque in Ib.-ft. = X (armature ampere-conductors) 
X (flux per pole) x (number of poles). 
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The above torque is the total torque developed, not the useful 
torque, i.e. it includes that necessary to overcome mechanical 
friction and the resistance due to the hysteresis and eddy currents 
in the armature core. 

The same formula can be obtained in the following alternative 
way:— 

The force on a conductor carrying a current I in a held of 
BZI 

strength B is — dynes (see further Example 3), 


where I = length in cm. of conductor measured perpendicularly to 
the direction of the held (i.e. if the conductor is not 
itself J_to held or is not straight, its projected length 
on a plane JL to field is taken). 

Let d (cm.) be the diameter of the armature. 


Then the average held strength is ^ -f (^) ’ expres¬ 

sion in brackets is the area over w^hich the cP lines are spread; 

11 

. the average force on a conductor is dynes; 

the average turning moment of one conductor is 


— X - dyne-cm.; 
'jrd.10 2 


the total torque in d5me-cm. is 


2m ^ 

2077 


(flux per pole) X (no. of poles) X (armature ampere-conductors). 


To convert this into Ib.-ft. it must be divided by 
(981 X 453*6 X 2*54 X 12), 
which gives the same result as on p. 324. 

Note that for a given motor the torque varies directly as the 
product of armature current and flux. 

Example i. Two parallel wires carry currents of 150 amperes and 250 
amperes respectively, in the sarne directions. Find the force between them per 
foot of length if their centres are 2 in. apart. 

The field produced by the current of 150 amperes at the centre of the 
other wire is of strength (see Chap, IV., Art. 3). 

= 150 ^ i 5 _. 

“■ 10 X r ~ 10 X 2 X 2*54 2*54 
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The direction of this field is as shown in Fig. ii.oi. 

The force due to this field on i ft. length of the second wire is 


BI 7 , 15 250 

— dynes = X — X 12 x 2-54, 
10 ^ 2*54 10 


4500 

981 X 453-6 


lb. = 0*0101 lb. 


By applying the Left Hand Rule it will be found that the force is one of 
attraction. The force of the second wire on the first is equal and opposite, 
i.e. it too is an attraction. 


Example 2. In a ^-pole direct current motor the number of conductors on the 
armature is iSo, and there are 2*9 megalines per pole. What torque in kilo- 
gram-metre units will the motor exert when a current of 50 amperes flows in each 
conductor? (C. & G., El. Eng., II.) 

The average field strength is 2*9 x 10® -r- lines/sq. cm. • 
where d = diameter of armature in cm. 

I = length „ „ 

average force per conductor = ^ ^^dlT^ 10 ^ ^ dynes. 

But torque = force X radius x number of conductors 
2*Q X 10® X 4 - d 

~ — - - X 5 X - X 180 dyne-centimetres 


2*9 X 10® X 4 X 5 X 180 
27 r X 10® 


dyne-metres 


2*9 X IQ* X 4 X 5 X 180 
a-n- X 981 X 10® 


kilogram-metres 


i 6‘95 kilogram-metres. 


Example 3. Prove the expression for the force on a conductor carrying a steady 
current in a magnetic field. Hence find the torque on an armature carrying a 
total of 50000 ampere-conductors, the diameter of the core being 36 in., the length 
12 in., the pole arc being 70 per cent., and flux-density in the gap 4500. 

(Lond. Univ., El. Tech.) 


From Chapter VIII., Art. i: E = B/w x io“® volts, for a conductor 
moving in a uniform field. 



Let this conductor carry a' current I amperes 
flowing against the E.M.F., and let the force on it 
be F dynes. 

Then the mechanical work done by the conductor 
in t sec. = Pvt dyne-cm. (or ergs). 

And the electrical energy supplied to it in the same 
time, apart from that which is transformed into heat 
= Pit watt-sec. (or joules). 

These must be equal, and i joule = 10’ ergs; 

.*. Pvt = Pit X Io^• 


Fig. II.OI. 


I Conductors in 
section. 


-> Lines of force. 


F» = El X 10’ = . 


10^ 


mi _ 

10 ' 
Q.E.D. 
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Neglecting fringing, the number of ampere-conductors in the field is of 
50000 = 35000. 

The length of each conductor is 12 x 2*54 = 30-5 cm. 

The flux density is 4500 lines per sq. cm.; 


sum of forces on the conductors = - 45^0 X 30 5 X 350^ 

10 

== 450Q X 30-5 X 350QQ 

10 X 981 X 453-6 
= loSo lb.; 

18 

the total torque — 1080 X — lb.-ft. 


dynes 
lb. weight 


= 1620 Ib.-ft. 

This result can be checked by the formula of Art. 2 as follows:— 
Total area of pole faces = ^ X n- X 36 X I2 sq. in. 

= 950 sq. in.; 

(flux per pole) x (number of poles) = 950 x 4500 x 6*45 lines 
= 27-6 X 10® lines; 

/. torque = X 50,000 x 27-6 x 10® 

= 1620 Ib.-ft. 


3. Armature Reaction in a-Motor 

Since the current in a motor flows against the E.M.F. instead of 
with it as in a generator, the magnetising effect of the armature 
ampere-turns is reversed. The field is therefore distorted against 
the direction of rotation. Consequently, unless interpoles or 
compensating windings are used, the brushes have to be given a 
negative lead (or a lag) to obtain satisfactory commutation. 

If the brushes could be given a lead the weakening effect of the 
back ampere-tums of a generator (see Chapter IX.) would become 
a strengthening effect. But since they must have a lag this is 
again reversed, and a weakening of the field is caused just as in a 
generator. The amounts of the two effects can be found by 
dividing the armature reaction into cross ampere-tums and back 
ampere-tums in the same way as for a generator. 

4. Motor Characteristics 

Motors may have permanent magnets, or shunt-, series-, or 
compound-wound electromagnets, much as for generators. The 
behaviour of the various iyyes similarly may be compared by 
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means of characteristics, but for motors 
the mechanical characteristic is the one 
required. This is a curve connecting 
speed at constant voltage, and torque 
(cf. Chapter X.). 

The magnetic characteristic of a 
d5mamo is the same whether it is used 
as a generator or as a motor. 

In considering the forms of mechani¬ 
cal characteristics it will be of assistance 
to remember that the back E.M.F. is 
normally only a few per cent, below 
the brush P.D. (see further Chapter 
XII.) and so is approximately constant. 

N«Z 

^ - X - volts. 

6 o X 10* a 


(flQ 

o 


TOPaUE' 

Fig. 11.02 . — Mechanical 
Characteristic of Shunt- 
wound Motor. 


Now 


Therefore for a given motor supplied at constant voltage nl is 
nearly constant, or the speed (w) varies approximately inversely as 
the flux. 


5. Qiaracteristic of Shunt-Wound Motor 

A shunt-wound motor supplied at constant voltage has a 
mechanical characteristic of the typ^ shown in Fig. 11.02. Its 
field current is constant, after the field winding has warmed- up to 
a steady temperature, since the terminal P.D. is constant. The 
drop in speed with increase of load is due to the diminution of back 
E.M.F. needed to allow an increased current to flow through the 
armature (see Art. 2). 

Armature reaction weakens the field somewhat as the load 
increases, and this diminishes the drop of speed (see Art. 4). 

It is in fact possible to design a shunt-wound motor with the 
same (or even a higher) speed at full load as at no load. Usually 
other considerations make it advisable to keep the armature reaction 
below the value which would produce this effect. 

The heating up of the field windings, and the resulting increase 
of their resistance, weakens the field, and so increases the speed of 
a shunt-wound motor after it has been in use for some time. 

Shunt-wound motors are suitable for driving machine tools or 
other machinery requiring an approximately constant speed. 

Magneto motors have similar characteristics but are suitable 
only in very small sizes, chiefly toys. 
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6. Characteristic of Series-wound Motor 

The characteristic of a series-wound motor is shown in Fig. 
11.03. The reason for its shape is that an increase of torque, 
requiring an increase of armature current which is also the field 
current, causes a strengthening of the field, and therefore a drop of 
speed (see Art. 4). 

At first the field strength increases nearly in proportion to the 
current and so the drop of speed with increasing torque is rapid. 
But with larger currents the field strength increases much less than 
in proportion to the current, owing to the diminishing permeability 
of the iron in the magnetic circuit of the machine. Consequently 
the speed diminishes much less rapidly. 

Series motors are very suitable for traction work: they exert 
their largest torque at low speeds, i.e. when starting; as the. load 
decreases they automatically raise the 
speed. They are also suitable for crane 
work: the size of motor used depends 
on the speed at which the maximum 
load is to be lifted; if it is shunt-wound 
it will raise all loads at practically the 
same speed, but if series-wound lighter 
loads will be raised at higher speeds. 

Fans are generally driven by series 
motors because the load at normal speed 
is constant, and therefore the speed 
keeps constant whatever type is used. 

The series type has the advantage in 
starting, and is also a little cheaper, especially in small sizes, 
because fewer turns are required for the field windings. 

Series motors should never be used where the load may be 
completely removed, because the speed then becomes very high 
and there is a probability of damage by centrifugal force. 

7. Compound- and Differential-Wound Motors 

A motor with both series and shunt field windings may have 
them connected in either of two ways. If their magnetising effects 
are in the same direction it is called a cumulative compound-wound 
(or simply a compound-wound) motor. If the series turns oppose 
the effect of the shunt turns it is called a differential-wound motor. 
In the latter the series turns may be made to weaken the field 
sufficiently to make the speed at some particular load the same as 
at no load. The speed at other loads will, however, be slightly 



OF Series-wound Motor. 
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different, as shown in Fig. 11.04. This type is scarcely ever used 
in practice, as the simpler shunt winding can be made at least as 
satisfactory (see Art. 9). 

The mechanical characteristic of a cumulative compound-wound 
motor is intermediate between those of a shunt-wound and of a 
series-wound motor, as shown in Fig. 11.05. 

This type is employed where a series characteristic is desired, 
but the load may be almost entirely removed, e.g. in some types of 
coal-cutting machines. The shunt winding then prevents the speed 
from rising above a safe value. It is also useful in conjunction with 
a fly-wheel when there are sudden temporary overloads, e.g. in 
rolling mills. In this latter case when the overload comes on the 
fly-wheel supplies part of the power as its speed diminishes, so 
decreasing the maximum power which has to be supplied. 



1TORQUE TORQUE 

Fig. 11.04.— Characteristic or Fifl* —Characteristic of 

Differential-wound Motor. Compound-wound Motor. 

8 . Motor Starters 

Motor-starting switches or motor startors are necessary because 
there is no back E.M.F. in the armature when it is at rest. Conse¬ 
quently if the motor were switched directly onto the mains an 
enormous current w^ould flow through it and melt the fuses. For 
instance a 5 H.P. 220-volt motor has a normal full load current of 
about 20 amperes, and an armature resistance of 0-5 ohm. If this 

220 

were connected directly to the mains a current of • 440 amperes 

w^ould flow through it. To avoid this a resistance is connected in 
series with the armature, and gradually cut out as the speed (and 
therefore the back E.M.F.) increases. The way in which the resist¬ 
ance is divided is explained in Art. 17. 
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For a series-wound motor the resistance is in series with the 
armature and the field winding as shown in Fig. 11.06. It is cut 
out step by step by mo\ing the startor arm over the contact studs. 
For a shunt-wound motor 


the resistance is in series with 
the armature only. The field 
winding is connected to the 
■first contact stud, C (see Fig. 
11.07). It is necessary to have 
the field circuit, CADE, always 
closed through the armature 
circuit, EFGC, because of the 
former’s high inductance. If 
it were opened when a current 
was flowing in it a momentary 
high E.M.F. would be induce^ 
which would cause bad sparking 
and damage the insulation of the 
The field must not be connected tc 


R 



Fig. 11.06 .—Startor for Series- 


wound Motor. 

,, Movable arm. B, Contact strip, CC. 
Contact studs. F, Field winding of motor. 
R, Starting resistance. S S, Double pole 
switch. T T, Main terminals. 

field coils (see also Volume IL). 
f the last stud, G, as this would 


result in the P.D. across the field winding at starting being cut 


down to the same extent 



M M 


Fig. 11.07 .—Connexions of Startor for 
Shunt-wound Motor. 

A, No-voltage release. B, Overload release. 
MM, Main leads. 


as that across the arma¬ 
ture : the field wmuld there- 
■ fore be very weak, and the 
motor would start slowly 
or not at all. 

When the starting 
resistance is all cut out 
of the armature circuit 
the field current has to 
traverse the whole of it. 
This weakens the field, but 
not seriously, since this 
resistance is small com¬ 
pared with that of the 
field winding. The w^eak- 
ening can be prevented 
entirely by providing an 
additional stud, close to 


G, connected to the first stud (see Fig. 11.08). 


A “ no-voltage release ” is fitted to startors nearly always. 
This consists of a spring to bring the startor arm to the off position 
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and a small " hold-on magnet.’' The winding of this magnet is 
usually connected in series with the field, as shown in Fig. 11.07, 
but is sometimes connected directly across the mains. Its action 
is, in case of a failure or disconnexion of the supply or a break in 
the field circuit, to release the arm and allow the spring to bring it 
to the off-position. This prevents the fuses blowing as they would 
if the supply were restored with the arm in the fuU-on position. 

An overload release ” is sometimes fitted in addition. This 
consists of a magnet with an armature (or keeper) pivoted at one 
end. The magnet winding is connected in one of the supply mains. 

If the current exceeds 
a desirable value the 
armature is raised and 
connects two studs, 
which are connected as 
shown in Fig. 11.07. 
The “no-voltage” 
magnet is thus short- 
circuited and the arm 
released. The current 
at which this occurs can 
be adjusted by altering 
the distance of the 
armature below the 
poles of the overload 
magnet by means of 
a screw. 

A compound-wound 
Fig. 11.08.— St.\rtor with “No-voltage* motor may be started 
AND “Overload ” Releases. by a similar startor, the 

serieswinding and arma¬ 
ture being connected as the armature is in the shunt-wound motor. 

A liquid startor is illustrated in Fig. 11.09. In this the current 
is passed through a solution of washing soda (or of caustic potash) 
contained in an iron tank. The current is led out by iron plates 
which can be lowered into the solution by a screw and hand-wheel. 
The resistance is thus gradually reduced, and finally short-circuited 
by two contacts on the plates and tank respectively. 

9. Speed Regulation of a Shunt-Wound Motor 

As has been shown in Art. 4, the speed of a motor supplied at 
constant voltage varies inversely as the field strength. Conse- 
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quently the speed of 
a shunt-wound motor 
can be raised by plac¬ 
ing a resistance in 
series with the field 
winding [Fig. ii.io 
{a)]. As this resist¬ 
ance is increased the 
speed will increase. 

F.g. to double the 
speed the field must 
be halved, which re¬ 
quires the field cur¬ 
rent to be reduced 
to less than half its 
normal value. The 
extent to which the 
field current must be 
reduced depends on 
the magnetic circuit 
of the motor (see Fig. 

II. 1 1 , Example 5). 

On the other hand 
the speed can be 
lowered by putting 
resistance in the armature circuit and keeping the field current 
constant. The speed then varies approximately as the brash 
P.D., more exactly as the back E.M.F. 

The latter method has the following disadvantages:— 

[a) The variation of speed with load becomes much greater, 


Fig. 11.09 .—Liquid Startor for ioo H.P. Motor- 



(a) By field resistance. (b) By armature resistance. 
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because as the armature cunent increases the P.D. across the 
rheostat increases, thus diminishing the brush P.D. (see Example 4). 

{b) The maximum horse-power is diminished in the same ratio 
as the speed. 

(c) The ef&ciency is diminished in the same ratio as the speed, 
for the power supplied remains the same in spite of the diminution 
of horse-power. The wasted power is expended in heating the 
rheostat. 

This method is therefore employed only when low speeds are 
required occasionally, 5.g. in printing machines when “ making-up.” 

None of these disadvantages apply to the field rheostat method. 

If, however, the motor is required to exert the same torque at 
all speeds (not the same H.P.) a smaller motor can be used if the 
armature rheostat method of speed regulation is employed. For 
with a field rheostat the field is weakened as the speed increases, 
and so a greater current is required to produce a given torque. 
The armature must fie capable of carrying this current without 
overheating, ie, a larger motor is necessary. It may therefore be 
worth while to effect a saving in first cost by using armature rheostat 
control, at the expense of efficiency, etc. 


Example 4. A shunt-wound motor whose armature has a resistance of 0*65 
ohm is running at 600 r.p.m. and taking 20 A. at 220 volts in addition to Us field 
current. Find the resistance necessary to reduce the speed to 400 r.p.m, with no 
change in the armature current. In what ratio is its H.P. reduced? 

If the current then decreases to 10 A. what happens to the speed? 


The back E.M.F. is 220 — 20 x 0-65 = 220 — 13 = 207 volts. 
At 400 r.p.m. the back E.M.F. becomes ^ of 207 = 138 volts; 

P.D. at armature terminals = 138 + 13 = 151 volts; 
P.D. across series resistance = 220 — 151 = 69 volts; 
Series resistance = — = 3-45 ohms. 

on 


The H.P. is reduced to 


V600 /3 


of its former value. 


When the current drops to 10 A. (owing to reduction of load) the P,D. 
across the series resistance drops to 10 x 3-45 = 34-5 volts; 

P.D. across armature = 220 — 34*5 = 185-5 volts; 

Back E.M.F. = 185*5 — 10 x 0-65 = 179 volts. 

[N.B.—This can be obtained in one step by subtracting 10 x 4-1 [i.e. 
armature current x resistance of armature circuit) from the applied P.D.] 

Speed = •“ of 400 = 519 r.p.m., i.e. an increase of 30 per cent. 
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With no series resistance and lo A. through the armature— 

Back E.M.F. = 220 — 6*5 = 213-5 volts; 

213'5 

Speed = of 600 = 619 r.p.m., i.e. an increase of 3-3 per cent. 

Example 5. If the above motor has a shunt of 200 ohms resistance, u'hat 
additional resistance would raise the speed to 750 r.p.m. ? 

The field strength must be reduced in the ratio i.e. to So ner cent, of 

750 

its normal value. The reduction of field current to effect this will be greater, 
and to determine its extent the magnetisation characteristic of the machine 
must be known. Suppose it to be as shown in Fig. ii.ii. Then to reduce 
the field strength to 80 per cent, of normal the field current must be reduced 



OL=Norinal field current. OM=Current for 80 per cent, field. 01S*=Current for half field. 

to 55 per cent, of its normal value (note that OQ is equal to 166 volts, which 
is 80 per cent, of 207, the back E.M.F. of the motor, see Example 4). 

Resistance of shunt circuit must be increased to = 364 ohms, 

0‘55 

i.e. a resistance of 164 ohms must be inserted. 


10 . Speed Regulation of a Series-Wound Motor 

A resistance in series with the armature (and the field) of a 
series-wound motor reduces the speed, just as for a shunt-wound 
one. The same disadvantages apply, but the variability of speed 
is not important since a series-wound motor’s speed is always 
variable with changes of load. 
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To increase the speed of a series-wound motor a resistance in 
parallel with the field winding may be used (see Fig. 11.12): this 
is sometimes called a divertor. Its effect is to shunt some of the 
main current from the field windings, thus weakening the field and 
increasing the speed. Its action resembles that of a field rheostat 
for a shunt-wound motor, and in neither case is the efficiency 
impaired. 

In a compound-wound motor a resistance in the armature 
circuit will as before reduce the speed. An increase can be 
effected either by a resistance in series with the shunt turns, 
or one in parallel with the series turns. The method adopted 
depends on whether the shunt or the series ampere-turns are 

normally the greater. 



Fig. II.12. 


Speed Regulation by 
Divertor. 


A B, Field winding. C D, Divertor. B, Regu¬ 
lating handle. F, Position for Zoicesf speed. 


II. Reversal of Rotation 
To reverse the direction 
of running of a motor, either 
the field or the armature 
current, but not both, must 
be reversed. The truth of 
this can he tested by means 
of the Left Hand Rule (Art. 
i). ’If the positive and nega¬ 
tive mains are interchanged 
the motor, whatever the type of winding, will run in the same 
direction as before, because the field will be reversed as well as 
the armature current. The only exceptions are motors with 
permanent magnets, or with their excitation supplied from some 
independent source. 

In order to produce reversal the connexions of the field windings 
to the brushes must be changed. These changes are the same as 
those necessary when a generator is driven in the reverse direction. 
[See Chapter X., Art. ii, and Fig. 11.15 © and (c).] If the motor 
has interpoles, care must be taken not to reverse their connexions 
when reversing those of the field mndings. This will occur if the 
brushes are shifted a pole-pitch, and no other change is made. 

Motors which require frequent reversing are provided with 
combined starting and reversing switches. The connexions of such 
a switch are shown in Fig. 11.13. It can be seen that the field 
current flows in the same direction to whichever side the switch is 
moved, but the armature current flows in opposite directions 
according to the position of the switch. 
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A A, “ Armature ” terminals. C C, Double moving contact, I* P, “ Field ” terminals. 

M M, Supply mains. 

12. Generator Run as Motor 

When a generator is used as a motor the direction of running can 
be obtained by remembering that the E.M.F. of a motor armature 
opposes the current. Thus in a shunt-wound dynamo, if the field cur¬ 
rent is in the same direction in the motor as when it was used as a 
generator the armature current will be reversed. Therefore the E.M.F. 
is the same as before, and the motor runs in the same direction 
as it was driven when a generator. If the direction of the armature 
current is unchanged the same result follows (see Fig. 11.14). 

On the other hand in a series-wound motor, if the field current 
is in the same direction as when it was a generator the armature 




(a) As generator. (&) As motor. 

Fig. 11.14 —Shunt-wound Dynamo’s Rotation. 


VOL. I. 
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current also will be in the same direction. Therefore the E.M.F. is 
reversed, so it will run in the reverse direction (see Fig. 11.15). 

A compound-wound generator used as a motor will run in the 
same direction as before, but if no change is made in the connexions 
it win be a differentially-wound motor. To make it act as a corn¬ 



ea) As generator. (5) As motor. (c) As motor with connexions 

changed. 

Fig. 11.15 .—Series-wound Dynamo’s Rotation. 


pound-wound motor the series winding must have its connexions 
reversed (see Fig. 11.16). 

No change is required in the connexions of interpoles or com¬ 
pensating windings. If the dynamo is shunt-wound the polarity 

of the interpoles is reversed 
when it is used as a motor,* 
and this is necessary (see 
Art. 3, and Chapter IX., 
Art. 25). In a series-wound 
motor the polarity is un¬ 
changed (if that of the 
main poles remains the 
same), but the direction 
of rotation is reversed (see 
above). Consequently the 
(a) As generator. (6) As motor. interpoles have the Same 

Fig ii.i6.~Compound-wound Dynamo’s polarity as the “ preced- 
Rotation. ing ” main poles, instead 

of that of the '' next ” 

main poles as they had when the machine was a generator. 

Similarly in a compound-wound generator the connexions of the 
interpole winding must not be changed, even if the main series 
winding is reversed so as to make it a compound-wound motor 
(see Fig. 11.17). 

* On the assumption of unchanged polarity of main poles. 
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13. Subdivision of Startors 

The amount of variation of the current taken during starting 
depends on the number of sections into which the rheostat is 
divided. With a continuously variable rheostat the current could 
be kept at a constant value till all the resistance was cut out. 
With a given number of resistance sections the variation of the 
current, and the. most suitable subdi\ision of the resistance can be 
obtained by making certain assumptions, as follows:— 

The armature current (I amperes) flowing through a shunt motor 
of armature resistance (R^ ohms) with a resistance (R ohms) in series 
with it is given by— 

V — E jV = applied P.D. in volts, 

^ "" RTTR’ = l^ack E.M.F. in volts. 

Main pole Main pole 




Fig. 11.17 .—Connexions of Compound-wound Interpole Dynamo. 


If the maximum current is given, the maximum total resist¬ 
ance is obtained from the above by putting E = 0, the value when 
the motor is at rest. Denote this resistance by Rj. Let the 
current fall to L owing to the increase of E, and then be brought 
up again to by reducing the total resistance to R,. Then, 
assuming that the back E.M.F. does not change while altering the 
resistance, 

If this resistance (R2) is left in until the current again falls to I,, 
and a further reduction to Rg restores the current to its original 


value, and this process is repeated, then ^ ~ ^ ~ 
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The final step is to cut out all the external resistance, leaving 
only that of the armature (Ra). Therefore if there are n positions 
of the starter, i.e. {n — i) sections in the resistance, 

R2 _ t . 

rT" Rs “ * ■ • ~ Rn-i "■ ' 


k = 

This enables the values of Rg, R3, etc., to be calculated if R^, 
Ra, and n are known. 

To obtain the values of the external resistances, Ra must be 
subtracted from the values of the total resistance (see Example 6). 

The assumption of no change in the back E.M.F. during altera¬ 
tion of resistance is accurate in this case, because the field current 
is independent of the armature current. In the series-wound 
motor a reduction of resistance will cause less change of current 
then the amount calculated on the above assumption, since the 
field strength and back E.M.F. increase when the main current 
increases. 



Example 6. Calculate the sections of the starting resistance for a 5 JFf.P. 
aao-volt shunt-wound motor. Starting current not to exceed times full load 
current. 

Assume— 6 sections in starting resistance. 

Motor efficiency 85 per cent. 

Half of total losses in armature copper. 

Full load current = = 20 A. 

0-85 X 220 

Strictly the shunt current should be subtracted from this before proceed¬ 
ing, but this amount of accuracy is unnecessary in practice. 

.'. Starting current = X 20 = 30 A. ; 


Total resistance of armature circuit at start = — = 7-33 ohms. 

Total losses = — x 20 x 220 = 660 watts: 

100 

Armature PR loss = ^ x 660 = 330 watts; 

.*. Armature resistance = = o-8q ohm: 

( 20)2 ^ 

:. starting resistance = 7-33 - 0^83 = 6*50 ohms. 


To obtain the sections:— 

\/?_?3 o.5g5 ajid 

7*33 


7*33 X 0-696 = 5-10. 

7-33 X (0-696)2 = 3.55. etc. 
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Hence the following results;— 

Stud number .. i, 2, 3, 4, 5, 6, 7. 

Total resistance .. 7*33, 5*10, 3-55, 2-47, 172, 1-20, 0-83 ohms. 

Inserted resistance 6*50, 4*27, 272, 1*64, 0*89, 0-37, 0 ohms, 

sections are .. 2-23, 1-55, i*o8, 075, 0-52, 0*37 ohms. 

The following is an alternative way of obtaining the above figures. Draw 
a line (see Fig. 11.18) whose length is the distance between 8*3 and 73-3 on 
the scale of a slide-rule. 

Divide this line into six equal parts. 

Read off the positions of the dividing points on the slide-rule scale. These 
give the required sections of the total resistance. 

In the above example the value to which the current should fall before a 
section is switched out is— 

30 X 0-696 = 20-9 amperes, 

i.e. a little over full load current. Thus the motor will be able to start against 
full load torque. 


Figures read on scale of slide-rule. 

•83 1-20 1-72 2-47 3-55 5-10 7-33 



Fig. 11 . 18.—Semi-graphical Subdivision of Rheostat. 


If the number of sections is not given it can be obtained as follows if the 
above condition is to be satisfied:— 

Minimum starting current 20 _ 

Maximum starting current 30 "" 

Let (•667)" = Then n is over 5; 

^ ' 7*33 

Minimum number of sections is six. 


The remainder of the calculation is then as above. 


14. Rating of Motors and Generators 

The rating of a motor or of a generator is its maximum safe 
output. Three ratings are recognised b}' the B.S.I.*— 

(A) Continuous maximum rating. 

(B) Rating permitting overloads. 

(C) Short-time rating. 

* See British Standard Specifications, Nos. 16S, 169, and 226. 



342 


Direct Current Motors 


(A) is tested by a full load run continued until the final steady 
temperature is ascertained; (B) is tested in the same way, but the 
temperatures permitted are lower; so that the machines are capable 
of sustaining a 25 per cent, overload for 2 hours after having reached 
the maximum temperature due to their rated load. (C) is tested 
by a full load run for either one hour or half an hour, the period 
being specified in stating the rating. 

Machines are classified into— 

(i) Open. (ii) Protected. 

(iii) Enclosed ventilated. (iv) Totally enclosed. 

(v) Duct-ventilated, with self-ventilation, or forced or induced 

draught. 

(vi) Flame-proof. (vii) Enclosed self-cooled. 

Protected means a machine in which the live parts are protected 
mechanically from accidental contact, but so that there is free 
access to the interior. 

Enclosed ventilated means a machine in which ventilation is 
provided, but access to live parts can be obtained only by opening 
covers having perforations under | sq. in. and over sq. in. in area. 

Enclosed self-cooling means an enclosed machine with a special 
device (forming part of the machine) for cooling the enclosed air, 
e.g. a fan for circulating the air thrpugh cooling chambers. 

15. Heating and Sparking Limits 

The output of a dynamo is limited either by heating or by 
sparking. 

The heating limit depends on whether the working is to be 
continuous or intermittent, and on the permissible rise of tempera¬ 
ture. The latter should depend on the nature of the insulation, 
but, since this is similar in all makes and since the durability of 
insulation can be tested only by prolonged working, certain 
standard figures have been adopted. In the case of the British 
S.L these figures are 60° C. (108® F.) for field windings, whose 
temperature rise if shunt or separately excited must be measured 
by resistance (see Chapter III., Art. 6); and 55° C. (99° F.), 
measured by thermometer or thermo-couple, for the armature, 
commutator, brushes, etc. If asbestos or mica is used for insulating, 
these temperature rises may be increased by 20° C. If the air 
temperature of the room in which the machine is to work may 
exceed 40° C. (94° F.) the above temperature rises must be 
diminished by the amount of this excess. 
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Evidently a given motor must receive a much lower rating if it 
is totally enclosed than if it is open or merely protected. The 
diminution is about 15 per cent, for semi-enclosed motors and 50 
per cent, for totally enclosed ones. The latter figure can be lessened 
by suppl5dng ventilation through special ducts. Such motors are 
termed duct-ventilated, and have the advantages of total enclosure 
together with a higher rating. 

Sparking depends on reactance voltage (see Chapter IX., Art. 
19) and therefore becomes more troublesome as the speed increases. 

As far as the heating limit is concerned the higher the speed the 
higher the rating: for the armature current and therefore the 
torque can be kept constant, and so the horse-power increased in 
proportion to the speed. In fact, owing to the high speed impro\dng 
the ventilation, the rating can be 
increased slightly more than in pro¬ 
portion to the speed. When the 
reactance voltage has reached its 
maximum safe value the armature 
current must be diminished inversely 
as the speed to prevent any further 
rise in the reactance voltage, i,e. the 
H.P. remains constant (Fig. 11.19). 

By the use of interpoles the spark¬ 
ing limit can be raised above the 
heating limit, so that they become 
useful only when the former is 
reached. This is usually the case in 
motors whose speed is varied by a 
field rheostat. Moreover, the heating limit can be raised by improving 
the ventilation and thus the output of a given size of motor increased. 

In cases where the sparking limits the rating of the open type, 
enclosure will cause no lowering of the rating unless it brings the 
heating limit below the sparking limit. 

16. The Temperature Time Constant 

The temperature time constant of a resistance or a machine is 
required to determine its rating under intermittent loads, or the 
length of time for which it wiU stand a given overload. When 
a machine is run on a steady load its temperature rises rapidly at 
first and then more and more slowly, and according to its size and 
design it may require three, six, or more hours to approximate to 
the final steady temperature corresponding to the load. 



Fig. 11. 1 9. — Heating and 
Sparking Limits. 




1 emperature rtse [unit — final steady temp, 77f). 
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The Tempemiure Time Constant may be defined as the time in 
which the temperature would rise to the final steady value if no heat 
were given out to the surrounding atmosphere. It can be seen that 
the same constant (in seconds) is obtained by dividing the total 
heat (in joules or watt-seconds) stored at the final steady temperature 
by the rate at which heat is produced (in watts) in the machine. 
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0-4 o-S 1*2 1-6 2-0 2-4 2-8 I 

Time {unit = time constant, t^. 

Fig. 11.20 .—Curves of Temperature Rise. 

A, With normal load. B, With double normal load. C, With treble normal load. 

0 P, Tangent to curve A at 0. 

If temperature rise is plotted against time (see Fig. 11.20) the 
curve obtained is always approximately exponential. In other 
words, it can be expressed by the equation 


e — base of Napierian logarithms = 2718, 

T = temperature rise after loading for time t, 

Tf = final steady temperature rise, 
and q = temperature time constant in same unit as t. 
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Assuming the exponential law, it follows that the temperature 
time constant is the time in which the temperature rise reaches 
0*632 of its final amount. Or by determining T^ and the time 
required to reach any intermediate temperature the value of can 
be found. 

Example 7. The final iemperature rise of a motor is 50° C. After i hour 
from the start the temperature has risen 25° C. Find Us temperature time 
constant. 

Substituting these values in the above equation— 


( 


25 = 50 

i—e ^ M; 


I _ 55 _ 


50 


I 

— = 2-0. 


7 = logg 2-0 = 0-693; 

‘1 

• ^— = 1-44 hours. 

If a tangent OP is drawn to the curve at the origin (see Fig. 
11.20) it will intercept on the horizontal line of T/ a distance NP 
equal to the temperature time constant. Because this tangent gives 
the temperature time curve which would be obtained if no heat 
were given out (see definition). If the load is increased so that 
heat is developed twice as fast, the slope of this tangent is doubled 
(see Fig. 11.20, B). But the final temperature is very approximately 
doubled too, so that the time temperature constant remains almost 
exactly at its former value. Thus the equation for the new time 
temperature curve is 

T = zlf (i - 

Or in the general case when the rate of production of heat is 
increased to m times its original value— 

T = mlf (i — 

17. Application to Overloads 

Suppose T/ in the above equations is the maximum permissible 
temperature. Then the original load is the maximum which can 
be carried continuously, i.e. it is the continuous rating of the 
machine. If a greater load is placed on the machine when it is 
cold, the permissible temperature T^ will be reached after a time 
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which is shorter the greater the overload. It can be shown that if 
the rate of heat production is increased m times 

where ~ time to reach under the increased load, 
and 4 = temperature time constant. 

Thus in Fig. 11.20 NQ = 0*69/1, reach 

T/ with doubled rate of heat development. And NR = 0*414. 

Example 8. The temperature time constant of a motor is 2 hours. How 
much may the heating rate be increased if the load is applied for only 1 hour? 


I = 2 log^ - 


— = 4-606 logio-' 

-I ^ w ~ I 

: antilog 0-217 ~ 1*65; 


1-65 

i.e. heat may be developed for one hour at 2-54 times the normal rate. 


The total heat developed has to be taken into account, i.e. in 
the case of a machine that due to copper, iron, and friction losses. 
The armature copper loss (and the field copper loss in a series-wound 
machine) increases as the square of the current; while the others 
increase less rapidly, or remain constant. If the first loss alone is 
considered, an increase of rate of heat production in the ratio m 
corresponds to a current times the normal. Thus in example, 
since = i’59^ the one hour rating ” is 59 per cent, more 

than the continuous rating. The effect of the other losses is to 
increase the permissible load beyond this, the amount of the 
increase depending on the relative amounts of the different losses. 
If, however, the overload is a heavy one, and so of short duration, 
there is not time for the temperature to become equal throughout 
the machine, and each part must be considered separately. 


18. Short-Run Tests 

To determine the final steady temperature rise the load must be 
maintained for a long time, especially in large machines. This time 
could be shortened by running the machine under overload until 
the temperature approached the expected final value, and then 
reducing the load to normal. This can be done easily as far as the 
armature is concerned, but it is not easy to arrange this for the 
field windings if the machine is shunt-wound. 
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If the exponential cun-^e can be trusted any two points on it 
will suffice to determine the two constants, T, and 4. The calcula¬ 
tion is simplified if two points are taken at times from the start, of 
which one is double the other. For if Tj is the temperature rise 
after time t', and Tg is the temperature rise after time 2i\ 

T, = T,(i-rg. 

and Tj = T, — c'a'j- 

t' 

By division TJT^ = i -j- e 



/. T, = T, ^ (2T, - T,)/Ti == T,7(2T, - T^), 


It is advisable to make t' reasonably large, otherwise 2T1 is 
little greater than Tg and small errors in the readings will cause a 
large error in the calculated value of T/ (see Question No. 24). 

Having found Ty the value of can be found by substitution in 
either of the first two equations. 


19. Intermittent Loads 

To find the rating under intermittent loads the cooling time 
constant must be known. For if the load is re-applied before the 
machine has cooled down to the temperature of the air a higher 
temperature will be reached in the same time, though the tempera¬ 
ture rise will be less. This cooling time constant is usually larger 
than the heating constant, and if the machine is stopped the time 
constant is further increased because the ventilation is less effective. 
The following equation represents what happens during cooling:— 

T = Ti.^“2» 

where T^ = temperature rise at the start of cooling, 

T = temperature rise after cooling has continued during 
a time t, 

and 4 = cooling time constant. 

The following are approximate values for the heating time 
constants of various D.C. machines:— 

Open type. Enclosed type. 

H.P. 2j ; 10 ; TOO ; 2} ; 6; 15. 

Time constant (hours) i-o; 1-5; 2-0 i-o; 2-0; 4; 5. 
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Example 9. A motor’s final temperature rise under normal full load is 50° C., 
its heatmg time constant is 2 hours, and its cooling time constant 7 hours. A load 
which causes heat to be developed at double the normal rate is applied for 1 hour. 
The motor is then allowed to cool for 3 hours, and the same load is again applied 
for I hour. Find the iemperahm rise at the end of this. 

Substitution in the equation T = 2T/ (i — (see Art. 16), or a 
reference to curve B, Fig. 11.20, shows that at the end of the first hour (= 0-5 
of time constant) the temperature rise is 079 X 50° C. = 39-5° C. 

The equation during cooling is therefore 

t 

T = 39-5 5 7 * 

after 3 hours’ cooling T = 39*5 = 39-5 X 0-65 = 257° C. 



012345 
Time {hours). 


Fig. 11.21.— Heating and Cooling of a Motor. 

257° = 0-51 of the normal final temperature rise of 50° C., and curve B 
(Fig. 11.20) shows that this is reached under double load in a time 0*3^1 
(= 0-6 hour) from the first start. Thus when the load has been again applied 
for I hour the temperature rise is as if the load remained on for i'6 hour 
(= o*8/i) from the first start. 

Referring again to curve B, this is seen to cause a temperature rise of 
I- 1 55° C. in this case. 

Note that the rise of temperature during the last hour is under 30° C. 
compared with 39-5® C. in the first hour. 

The changes of temperature are shown in Fig. 11.21. OA is the heating 
curve during the first hour, AB the cooling curve, and BC the heating curve 
during the second application of the load. The temperature at B is the same 
as that at D, viz. o*6 hour from the start. OA and BC are both portions of 
curve B of Fig. 11.20. 

If the same cycle of 3 hours’ cooling and i hour’s heating were applied 
again, the fall of temperature would be increased, and the rise of temperature 
would be diminished. These changes would go on until the fall during cooling 
became equal to the rise during heating. 
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QUESTIONS ON CHAPTER NT 

1. What is the fuadamental fact on which the action of electric motors 
depends ? From this derive an expression for the torque in pound-feet: 
apply this to the case of a two-pole motor with 4S0 conductors, 2*5 x io« 
lines through the armature, and 25 amperes supplied. 

2. The flux in each pole of a 4-pole motor is 2 x io« lines. What total 
number of ampere-conductors must be carried by the armature to produce a 
torque of 400 Ib.-ft. ? Prove any formulae you use for the calculation. 

rc. & G., II. 

3. Find an expression for the force on a conductor carrying a steady 

current in a magnetic field. Hence find the torque on an armature carrying 
a total of 25,000 ampere conductors, the diameter of the core being 36 in., 
the length 12 in., the polar arc 70 per cent., and the flux-density in the gap 
6 000. [Lond. Univ., El. Tech. 

4. Explain why the brushes of a motor are given a lag, instead of a lead 
as in a generator. Does this strengthen the field ? 

5. Show how the speeds of shunt-wound and of series-wound motors 
respectively vary with load. Give reasons for the variation, and state for 
what purpose each type of motor is used. 

6. What is the purpose of a " no-voltage ” release attached to a direct 

current motor starting switch ? Make a sketch of such a device and its 
connexions, and explain briefly how it operates. [C. & G., II. 

7. Give a diagram of a starting switch for a shunt-wound motor, including 
“ no-voltage " and “ overload ’’ releases. 

8. Why is one end of the field winding connected to the first stud of a 
motor starter ? Give full reasons. 

g. What is the relation between the speed and mechanical load on a 
shunt motor supplied at constant voltage ? Illustrate your answer by a 
torque speed characteristic, and give reasons why the speed alters when the 
load is changed. [C. & G., II. 

10. If the armature resistance of a shunt-wound motor is 0*42 ohm, and 
it makes 600 r.p.m. at no load, taking 4 amperes at 220 volts; what will the 
speed be when the current is raised by increasing load to 20,30, and 40 amperes 
respectively, assuming constant field. How is this modified in an actual 
motor ? 

11. How does resistance in (a) the field circuit, (b) the armature circuit of a 
shunt-wound motor affect its speed ? Which is the preferable method and 
why ? 

12. If a shunt-wound motor takes an armature current of 20 amperes at 
220 volts and 800 r.p.m., find the resistance.necessary to reduce the speed to 
520 r.p;m. with the same current. Armature resistance = o-g ohm. 

If the load is reduced till the armature current falls to 12 amperes, what 
change of speed results [a] without the resistance in circuit, (&) with it ? 

13. Why is the speed of a shunt-wound motor for a given current higher 
after sever^ hours’ running than it is soon after it has been put to w'ork ? 

14. If a motor on being started blows its fuse, and, when this is replaced 
by a larger one, runs at an excessive speed, what is the probable cause ? 
Give reasons. 

15. What is the effect on the speed of a shunt-vround motor of placing a 
resistance in series with the motor as a whole {i.e. not in the armature or field 
circuits separately) ? 



350 


Direct Current Motors 


16. A six-pole lap-wound motor has poles 20 cm. square, and a constant 
flux-density in the gap of 5000. The armature is wound with 500 wires 
having a total length of wire of 24 000 cm. and *07 sq. cm. area. Find the 
speed of the motor with 100 volts on the terminals and 120 amperes in the 
line. [Lond. Univ., El. Tech. 

■ 17. How can the speed at which a series motor runs with a given cunent 
from the mains be (a) lowered, (h) raised ? 

How are the torque and the H.P. affected in each case ? 

18. Describe the various methods which have been used in practice for 

obtaining a -wide range of speed in a direct current electric motor. Discuss 
the advantages and disadvantages of each method from the point of view of 
(fl) efi&ciency, and (&) convenience. [Lond. Univ., El. Eng. 

19. A shunt-wound motor is required to produce the same torque over a 
speed range of 2 to i. Compare the sizes of the motors required if the speed 
regulation is effected (a) by a field rheostat, [h) by a rheostat in the armature 
circuit. 

What other considerations would determine the method adopted ? 

20. Explain how the torque and speed characteristic of a series-wound 
motor operating on a constant voltage may be determined from the magneti¬ 
sation curve of the machine when running as a generator at a constant speed. 

[C. & G., 11 . 

21. A direct current motor is supplied at constant voltage. What fixes 

the speed at which it will run, and upon what does the current it will take 
depend ? [C. & G., II. 

22. A compound-wound generator to be used as a motor with the 

direction of rotation unchanged. What alterations, if any, will be required 
in the connexions? Give full reasons and, if need be, diagrams to explain 
your answer. [C. & G., II. 

Sketch the mechanical characteristics of the motor. State its advantages 
or disadvantages compared with shunt-wound and series-wound motors. 

23. A motor armature has a final temperature rise of 50° C. when fully 
loaded. Find the temperature rise after i J hr. at full load if the time constant 
is 80 min. 

If the motor is then run at no load for 2 hr. and then at full load for a 
further period of ij hr., find the temperature rise at the end of this (time 
constant for cooling 3 hr.) 

(fl) neglecting heat produced at no load; 

(6) assuming final temperature rise at no load to be 10° C. 

24. A motor run at steady load gave the following test results:— 

Time i-o; 1*5; 2*0; 3*0 hi. 

Temperature rise 15*8; 21*0; 25*5; 31*0 °C. 

will be the final temperature rise at this load; and what is the 
heating time-constant of the motor ? 



CHAPTER XII 

DYNAMO EFFICIENCIES 


1. Dynamo Losses 

The waste of power in any dynamo is due to the following seven 
causes:— 

(a) The resistance of the armature winding. 

(b) The power required by the field windings. 

These two together form the copper losses." 

(c) Eddy currents. 

(d) Hysteresis. 

These occur mainly in the armature core, and when added are 
the “ iron losses." 

(e) Brush friction and resistance (“ brash losses "). 

(/) Bearing friction. 

(g) Windage. 

The loss due to brush resistance (mainly contact resistance) is 
sometimes included in the armature resistance loss (a), to simplify 
the measurements and calculations. 

The " friction losses " comprise those due to brush and bearing 
friction (/) and windage (g). 

These losses can be calculated for a given design from certain 
data; and they can be measured in an actual generator or motor. 
The rest of this chapter gives details of both these processes. 

All the wasted energy is converted into heat; and has to be got 
rid of by radiation, convection, and conduction, except what remains 
in the machine when its temperature rises (cf. Chapter XL, Art. i6). 

2 . The Copper Losses 

These can be calculated if the resistances of the copper wmdings 
and the currents in them are known, e.g. the armature copper loss 
is Ifl^Ra watts, where I„ is the armature current in amperes and 
the armature resistance in ohms. The resistance to be used in 
such calculations are the hot resistances, ie. the resistance after the 
windings have reached their maximum temperatures by a run on 
load lasting for six hours, or more if necessary. 
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The resistances can be calculated from the dimensions of a 
design, or measured for an actual dynamo. 

The brush resistance may be included in that of the armature, 
in which case part of the brush loss is included in the armature 
copper loss, as mentioned in Art. i. This is done sometimes to 
simplify matters, but it is more accurate to keep them separate 
(see Art. 4). 

3. Iron Losses 

Iron losses in the armature core can be calculated only roughly, 
owing to the variation of the flux-density from point to point. 

The teeth are treated separately from the main part of the core. 

A B 

•003 


•0025 


'002 j; 

115 120 125 130 135 140 145 155 B 

Flux-density (B). 

Fig. 12.01.—Hysteresis Loss in Teeth of Armature Core. 

A, Loss in watt-secs, per c.c. per cycle: flux-density in kilolines per sq. cm. 

B, Loss in watt-secs, per lb. per cycle; flux-density in kilolines per sq. in. 

For the latter Steinmetz s Law (see Chapter IV., Art. 22) can be used. 
Thus the hysteresis loss may be written as watts per c.cm., 

where B = average number of lines per sq, cm., 

m = number of cycles of magnetisation per second 
= revolutions per second x number of pairs of poles, 
h = " hysteretic constant'' of the iron used. 

The value of h varies between 3 x lo-^® and 4 x 10-^° for the 
quality of iron employed for armature cores. Good average iron 
3*3 X 10-"®. If British units are employed the formula becomes 

hysteresis loss = watts per ib., 

Bj = lines per sq. inch, 



where 










Iron Losses 


and varies between i-g x lo-® and 2*5 x lO"® (good 

average 2 x lO' ®). 

At flux-densities as high as those usual in the teeth Steinmetz's 
Law does not hold. 

The hysteresis loss in this case may be obtained from the curves 
in Fig. 12.01. 

The mean flux-density along the teeth or the flux-density 
half-way down the teeth is to be used in obtaining the hysteresis 
loss from these curves. 

The eddy current loss varies as 7 n^ (m as above). For the voltage 
producing the eddy currents varies as the speed, and therefore the 
magnitude of these currents also 

varies as m. But the watts lost E.m.f.s producing eddy 
vary as the square of the current — 

(since watts = PR), and therefore f f j" '"j 
as ' j I * I 

Again this loss varies as j j j I [ j 

from similar reasoning. I | [ j 1 i 

And finally the loss varies as ‘ j, • 1 • _ ^ 

6^ where b is the thickness of the | j T{| 

core discs. For the E.M.F. pro- |j yjT 

ducing the eddy current in one J "currents 

disc is proportional to b (see Fig. 1 j j | [ j 

12.02). And the resistance in the j [ i i 1 1 

path of the eddy current is wvisrsefy j i j j j j 

proportional to &, for the length of i 1 i i 1 | 

the path is very nearly constant, I—III——i - “ - 

while the width of it varies as b Fig. 12.02 .—Eddy Currents in 
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and Thus the eddy cur¬ 


Fig. 12.02.—Eddy Currents in 
Laminations. 


rent loss in a single disc equals PR watts or ^ watts, and there¬ 


fore varies as — or as But the number of discs necessary for 


a given thickness varies inversely as h. So the total loss varies 
as 52 as stated. 

Combining the above three results the following formulae are 
obtained:— 

Eddy current loss = k (mBb)^ watts per c.c. 

’ watts per lb,, 


E. E., VOL. I. 









354 


Dynamo Efficiencies 


where w = magnetic cycles per sec., 

B = kilolines per sq. cm., 

Bi= „ „ sq. inch., 

h = plate thickness in mm., 

„ » mils. 

The value of k is about 1*5 X lO"’ for ordinary iron 

and „ 0-8 X lO'’ „ alloyed „ . 

„ „ „^is 1-4 X 10 - 1 %, ordinary „ 

and „ 07 X lo-i® „ alloyed ,, . 

A variant of the above which is sometimes useful is (for ordinary 
iron) 

eddy current loss = watts per c.cm. 

Note that the flux-density is in kilolines per sq. cm., in the last 
formula, while the disc thickness is in mils. 

Alloyed iron is iron containing about 3J per cent, of silicon. 
Its permeability is much the same as good quahty pure iron. Its 
hysteresis loss is, however, only about two-thirds as great. More¬ 
over its resistivity is nearly twice that of pure iron, and so its eddy 
current loss is about half the normal. Consequently thicker plates 
can be used without increasing this loss beyond its usual value. 
The advantages of using thicker plates are a reduction in the labour 
of building the cores, and in the space wasted in plate insulation. 

4. Brush Losses 

The resistance portion of this loss is due chiefly to the contact 
resistance. But this contact resistance varies approximately 
inversely as the current, so that the contact drop is constant and 
has a value of about 2 volts (see Chapter IX., Art. 16). Therefore 
the contact resistance loss in watts is equal to the armature current 
multiplied by this drop, i,e. it varies approximately as the armature 
current, while the armature copper loss varies as the square of this 
current. Hence the advisability of treating the two separately. 

The friction loss depends on the pressure of the brushes which 
is about IJ* lb. per sq. inch, and on their coefficient of friction which 
may be tiken as 0*25 to 0-3 if not more accurately known. The 
tangential frictional force is therefore about 0-4* lb. per sq. inch. 

Let A == sum of areas of contact of all the brushes (-Fve and 
—ve), 

V = peripheral velocity of commutator in ft. per min. 

♦ For motors these figures may be increased by about 50 per cent. 
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Then power absorbed by brush friction 

X 746 watts = watts. 

The hearing friction loss is due chiefly to fluid friction, and may 
be calculated for plain bearings by the formula 

watts lost in bearing friction = o-8* 

10^ 

where d — diam. of bearing in inches, 

I = length 

V = peripheral velocity of shaft in ft. per min. 

The use of ball or roller bearings reduces this loss greatly. 

The windage loss can be estimated only roughly. It increases 
rapidly with the speed, varying from about 10 per cent, of the 
bearing friction loss in rather low-speed dynamos, to as much as 
120 per cent, in turbo-generators. It may be assumed that roughly 

watts lost in windage = 4 x (barrel surface in sq. in.) x 

But the index of the speed may have values from 1*5 to 3 in 
different cases, which makes the formula of little use unless experi¬ 
ence enables a value to be settled for the particular machine 
considered, t 

5. Temperature Rise 

This depends on the rate at which heat is produced, on the area 
of the surface from which it is dissipated, and on the speed with 
which this surface moves. 

In the case of stationary field coils the mean temperature rise 
{fC,) is given approximately by Lister's formula for open type 
machines 

200t W 

where W = watts lost in the coil, 

A = total cooling surface (outer, inner, and ends)§ in sq. in. 

♦ For motors this figure may be increased by about 50 per cent, 
t See further " Change of Energy Loss with Speed in C.C. Machines,” 
Thornton, Journal Inst. E. E., Vol. 50, p. 492. 

t 190-230, higher values for large machines. Reduce by one-third for 
machine ventilated by fan. 

§ With divided field coils o*S of surfaces facing one another may be taken. 
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For the armature the results are more liable to error owing to 
great variations in ventilation. A formula for well-ventilated 
armatures is 


“ (x -f -00057;) a’ 


where 4 = temperature rise (° C.) of armature as measured by 
thermometer, 

W — watts lost in armature winding and core, 

A — exposed surface of armature in sq. in., including one 
side of end connexions and of ventilating ducts, 

V = peripheral velocity of armature in ft. per min., 
a = from 50 for large armatures to 90 for small ones. 

25W 

Similarly for the commutator ^. ' 00067;) A * 

where = temperature rise (® C.) of commutator, 

W = watts lost in brush resistance and friction, 

A = cylindrical surface of commutator in sq. in. 


In very long commutators ^<5 wiU be greater, and in very short 
ones less, than the formula given, owing to the effect of the end 
surface. 

If considerable sparking occurs there will be additional losses in 
the commutator, with a corresponding increase in its temperature 
rise. 

In totally enclosed machines the temperatures of the various 
parts are largely equalised by the circulation of air inside the case. 

120W 

The mean temperature rise in ° C. is approximately equal to —— 


where W = total watts lost, A = area of case in sq. in. 

If a ribbed case is used only half the additional area due to the 
ribs should be included. 


6. Efficiency 

The efficiency of any machine is the ratio both these 

input 

being measured in the same units. It must be less than unity. 


VI 

B.H.P. X 746 


Thus— the efficiency of a generator == 
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(«) 


B.H.P. 

X746 


ARMATURE AND BRUSH 
RESISTANCE LOSS 


COPPER (l*R.) 


LOSSES 



I 

POWER 


(b) SUPPLIED TO (c) 
ARMATURE 


FIELD AND FIELD 
REGUL^OR RESISTANCE 


1 


ELECTRICAL POWER 

POWER (d) given OUT 
DEVELOPED BY ARMATURE 

i I 

^FRICTION AND 
__j^RON LOSSES 


A 

POWER 
. GIVEN TO 
^ EXTERNAL 
CIRCUIT 


WINDAGE HYSTERESIS 
AND EDDY CURRENT 
LOSSES 


BEARING AND 
BRUSH FRICTION 
LOSSES 


Commercial efficiency =:^. Electrical efficiency = | Mechanical efficiency 


Fig. 12.03 .—Losses and Efficiencies of a Generator. 


FIELD and field 
REGULATOR RESISTANCE 
LOSSrn 

/ / armature and 

J } BRUSH RESISTANCE LOSS 

-- 


I 

e?i 

POWER 

SUPPLIED 




Tcopper <i»Ry 

LOSSES 


POWER MECHANICAL DRIVING 

SUPPLIED (e) POWER DEVELOPED (d) POWER OF 
TOARMyURE BY ARMATURE ARMATURE 

1 . * ‘ 

I 


B.H.P OF 
(e) MOTOR 
*748 
\ 


FRICTION AND 
IRON LOSSES 


Commercial efficiency = 


BEARING AND BRUSH 
FRICTION AND WINDAGE 


HYSTERESIS AND 
EDDY CURRENT LOSSES 


Electrical efficiency Mechanical efficiency = 


Fig. 12.04.— Losses and Efficiencies of a ;Motor. 


where V = the terminal P.D. of the generator in volts, 

I — the amperes in the external circuit, 

B.H.P. = the brake horse-power, i.e. the horse-power actually 
supplied to the generator. 
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And— 

where 


. B.H.P. X746 

the efficiency of a motor =-^ 

V = the supply P.D. in volts, 


I = the total amperes supplied, 


B.H.P. = the useful horse-power of the motor. 


The above are sometimes called the commercial effidencies, to 
distinguish them from two others. These are the electrical effidency, 
which is the efficiency when only the PR (or “ copper'’) losses are 
considered; and the mechanical efficiency, which is that obtained 
when only the remaining losses are considered, viz. those due to 
friction and iron. 

It follows that— 

VI 

the electrical efficiency of a generator = = 77- - j » 

VI -h PR losses 


»» 


»> 


motor 


VI — PR losses 
VI ' 


The reason for the difference in these and the corresponding 
formulae for the mechanical efficiencies can be seen by an inspection 
of Figs. 12.03 and 12.04, which are diagrammatic and not to scale. 

It should be noted that the product of the electrical and 
mechanical efficiencies gives the commercial efficiency for both 
generators and motors. 

The combined effidency of a generating set is the ratio 

output of generator in watts „. . , 

X j TT -h —^ -F- I^is can be measured easily 

indicated H.P. of steam engme x 746 ^ 

and is equal to (commercial efficiency of generator) x (mechanical 
efficiency of steam engine). 


7. Calculation of Effidendes 

When the losses have been calculated, the efficiencies can be 
obtained by using the formulae of the preceding Art. There are, 
however, one or two further points of interest, mainly in connexion 
with the calculation of the copper losses. In a series-wound gener¬ 
ator or motor, the field and armature resistances may be added 
together and treated as one in calculation, whether the brush 
resistance is kept separate or not. 

In a shunt-wound generator the armature current is the sum of 
the field and external currents, but in a shunt-wound motor the 
external current is the sum of the armature and field currents. In 
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any shunt-wound dynamo the field current , where V is 

the brush P.D. and is the resistance of the shunt winding. 


V- 

The loss in the shunt may be calculated as or VI,» or^. 

^Sh 

whichever is most convenient; but in the case of the armature 
copper loss, if either of the latter two is used V must be the armature 
" drop ” and not the voltage across it. 

In compound-wound dynamos the current in the series turns 
will, or will not, be the same as that in the armature according as 
the shunt is connected across the terminals, or across the brushes. 


Example l. Find the electrical efficiency of a short-shunt compound- 
wound motor supplied with 190 amp. at 440 volts. 

Resistance of armature = 0-065 
„ „ shunt — 105 ohms. 

,, „ series winding = 0-013 ohm. 

See Fig, 8-oi (c) for diagram of connexions. 

Copper loss in series winding = (190)® x -013 = 470 watts. 

Drop in series winding = 190 x -013 
= 2*5 volts; 

Cunent in shunt — 


105 

Copper loss in shunt = (4*17)® X 105 = - 


105 


= 4-17 amperes; 

437-5 X 4*17 


== 1820 watts. 

Armature current = 190 — 4*17 = 185-8 amperes; 
Armature copper loss = (185-8)-. x -065 = 2240 w-atts; 
Total copper loss = 470 -f 1820 + 2240 = 4530 watts; 
190 X 440 — 4530 
190 X 440 

4530 

I go X 440 


Electrical efficiency = • 


946 = 94-6 per cent. 


Example 2. If the motor in Example 1 is of 100 what is its 

commercial efficiency, and what are the total iron and friction losses? 

Commercial efficiency = x 100 per cent. = 89-2 per cent. 

Total of losses = (190 X 440) - (100 X 746) = 9000 watts; 

Total of iron and friction losses = 9000 — 4530 
= 4470 watts. 
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Testing Section 

8 . Brakes 

In testing small motors the output is absorbed and measured 
by means of a brake. 

The simplest type is the rop& brake (see Fig. 12.05). A double 
rope passes round the motor pulley and supports a hanger on which 
weights can be placed. The other end of the rope loop is fastened 
to a spring-balance supported above the pulley. The turns of the 
rope may be kept apart by wooden distance pieces. Often the 
pulley is water-cooled. 

Let W = weight of hanger and weights in lb., 
w — pull on spring-balance in lb., 
r (ft.) = radius of pulley -f J diameter of rope. 



BRACKET 
TO SUPPORT 
SPRING BALANCE 



End View, 


Fig. i2.05.-~Rope Brake with Water- 


Then torque = 
(W — w)r lb.-ft., and 

HP ^ 

33000 

when n ~ r.p.m. of motor. 

Another type is the 
eddy current brake. This 
consists of discs of copper 
or aluminium driven by 
the motor. The discs 
rotate between electro¬ 
magnets which induce 
eddy currents in the discs, 
producing a torque oppos¬ 
ing their rotation. The 
discs produce an equal 
but opposite torque on the 
magnets, and this can be 
measured by means of a 
lever and weights, the 
magnets being otherwise 
free to rotate through a 
small angle. The amount 
of the torque is adjusted 
by altering the current 
in the magnet windings. 
This form is convenient 


COOLED Pulley. but expensive. 




Hopkinson Test 


A similar method is to make the motor drive a calibrated 
generator, i.e. one whose efficiency is known at all loads. 

The output of the generator is measured by means of an 
ammeter and voltmeter, and the output of the motor 
= (generator output) (generator efficiency), 
both of which are known. 

9. Hopkinson Test 

The efficiency of a generator can be measured by driving it by 
a calibrated motor and measuring the input of the motor and’ the 
output of the generator by voltmeters and ammeters. The input 
of the generator = (input of motor) x (motor efficiency). This is 
the converse of the above test. 



Y\y. Ai~ Motor input. 

72 X ^2 = Generator output. 

X J.3 = Auxiliary power supplied. 

A method which saves power and gives more accurate results is 
that usually known as the Hopkinson test. Two exactly similar 
machines are required for this, and either a third (auxiliary) 
generator or some other source of electrical power. In the original 
Hopkinson test the wasted power was supplied by a steam engine. 
The modified test is still known by Hopkinson’s name in Great 
Britain, though the modification is due to G. Kapp. 

The two similar dynamos are connected in parallel and are 
mechanically coupled. They are started as unloaded motors, 
through a resistance, or by gradually raising the voltage of the 
auxiliary generator (if one is used) to the normal value for the 
machines under test. 

Then, by strengthening the field of one and weakening the field 
of the other, the former can be made to act as a generator and the 
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latter as a motor. The electrical power given out by the generator 
together with that from the auxiliary supply is taken in by the 
motor and is mostly given out as mechanical power, the rest going 
in the various motor losses. This mechanical power is given to the 
generator, and is given out again as electrical power except that 
which is wasted in the generator. Thus the power taken from the 
auxiliary supply is the sum of the generator and motor losses, and 
this can be measured directly by a voltmeter and an ammeter as 
shown. The currents in the test machines and their speed can be 
adjusted by altering the strengths of the two fields, and in this way 
the total loss measured at various loads. 


Then combined efficiency 


Generator output 
Motor input 


Generator output 

Generator output -f auxiliary supply 
Auxiliary supply 
Motor input 


Assuming that the effic iencies of the two m achines are the same, 
the efficiency of each = Vcombined efficiency, e.^. if the combined 
efficiency is 81 per cent, the efficiency of each machine is V'Si = '90 
or 90 per cent. 

The advantages of this test are that the power supplied is only 
the total loss instead of the motor input, and that it is more 
accurate to measure the loss directly instead of obtaining it as the 
difference of the measured input and output. Further, all the 
measurements are electrical, which are simpler and more accurate 
than mechanical measurements. 

The disadvantages are that two similar d5mamos are required 
and that the currents in the two machines differ, consequently the 
assumption of equal efficiencies is not correct. The results are 
nevertheless fairly accurate if taken as corresponding to the mean 
of the two loads. 

It is unnecessary to measure both generator and motor currents, 
but this is advisable as a check on the readings, since motor current 
= generator current + auxiliary current. 


10. The Series Hopkinson (or Potier) Test 

In this test the two test machines have their armatures connected 
in series with each other and with the auxiliary supply, which must 
be capable of giving the full current of the test machines at a fairly 
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low voltage. This may be done by means of a booster, or by 
accumulators of large size. The best method of excitation is to 
connect the field windings in parallel to an independent source of 
supply at the normal voltage of the two machines. The speed can 
be adjusted by altering the excitations. The loads are altered by- 
changing the voltage of the auxiliary supply, which assists the 
generator to send a current through the motor armature against 
the latter’s E.M.F. 

In this case combined efhciency 

Generator armature output 

""Generator armature output-}-auxiliarysupply-f-excitation supply, 
and, as before, 

Efficiency of each machine = y/combined efficiency. 



B, Boo ster (or accumulators). G, Generator. M Motor. 

T T, Terminals of excitation supply. 

Vi X = Power supplied for excitation 
F2 X A2 = Generator armature output. 

Vs X J2 = Motor armature input. 

F4 X i2 = Auxiliary power supplied. 

One ammeter measures the armature current of the two machines 
which is also the auxiliary current. The auxiliary voltage and 
either the motor or generator voltage must be measured, and it is 
advisable to measure both the latter so as to check the voltages by 
the relation 

Motor volts = generator volts -f auxiliary volts. 

The power supplied for excitation is measured by a separate 
ammeter and voltmeter. 

The advantage of this method is that the two armature currents 
are equal. The disadvantages are that two separate auxiliary 
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supplies are required, and that a supply at full current and low 
voltage is not usually obtainable so readily as one at full voltage 
and low current. 

II. Hopkinson Test for Series-Wound Dynamos 

TMs is a modification of that for shunt-wound machines. 

If they are fitted with field “ divertors'' (see Chapter X., Art. 8) 
either the parallel (Art. 9) or the series (Art. 10) Hopkinson test for 
shunt-wound motors may be applied to them. The fields are then 
regulated by the “ divertorsinstead of by the rheostats used in 



Fig. 12.08 .—Hopkinson Test for Series-wound Dynamos. 

X = Generator output. 

Fo X {Ax -T A2) = Motor input, 

V:) X A:t = Power supplied to field of generator. 

T T, Terminals of auxiliary supply. 

the shunt-wound machines. The current flowing through the 
machines is otherwise adjusted just as in the previous methods. 

An alternative method is to use a booster (see VoL II.). This 
has its armature connected in series with the machine which is to 
act as a generator, and thus enables it to supply power to the mains 
(see Fig. 12.08). 

The booster is driven by a small motor, and is. either separately 
excited or shunt-wound. Its excitation and the resistance in the 
generator field circuit are adjusted till the generator field current is 
the same as that in the field (and in the armature) of the motor. 

Voltmeters and ammeters connected as shown measure:— 
the terminal P.D. of the motor, V volts, 
the armature P.D. of the generator, V,, volts, 
the current in the generator armature, 1^, amperes, 
the auxiliary current, amperes. 
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The current in the' motor (I) = ( 1 ^ + la) amp. 

The power lost = motor input — generator output 
= VI — Vgig watts. 

To obtain the total loss add the watts supplied to the generator 
field, which can be measured by a third ammeter and voltmeter. 

Assuming half the total loss to occur in the motor its efficiency 
can now be calculated from— 

( losses \ 

I — j X 100 per cent. 

12. Field’s Test for Series Motors 

This requires two exactly similar machines. When applied to 



tramway motors they are connected by one of the gear wheels 
actually used on the axles of the car, so as to obtain the combined 
efficiency of the motors and gearing. The general principle is to 
measure the motor input (Wj) and the generator output (Wg), whence 
the total loss (Wi — Wg) is obtained. This is divided between 
the two machines, and the efficiency of the motor obtained from— 

^ . input — losses , 

Efficiency = ■ ^ — -X 100 per cent. 

The connexions are as shown in Fig. 12.09. The field winding of 
the generator is connected m series with the motor, consequently the 
field strengths are equal except for armature reaction. 

The speeds of the two armatures also are necessarily equal, and 
so the iron and friction losses are the same in the two machines. 
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The motor input (ViIJ less the generator armature output (Vgla) 
gives the motor losses and the generator armature loss. Subtracting 
the PR losses in the motor and in the generator armature (including 
brush contact resistance losses) the total iron and friction losses are 
obtained, and half this gives these losses for each machine (say Wg 
watts). Then— 


The ef&cieiicy of the motor = 


Vjli — Wg ~ PR loss in motor 
VA 


By using two ammeter shunts of equal resistance and a milli- 
voltmeter connected as shown, the difference (I3) between the motor 
and generator currents can be measured directly, for the P.D. across 
the milHvoltmeter is the difference between the drops over the two 
shunts. Similarly, a voltmeter connected as shown by the dotted 
lines gives the difference (Vg) between the motor P.D. and the 
generator armature P.D. Then instead of using (Vili — Yglg) in 
calculating the losses, the expression Vili — (Vi — V3) (I'l — I3) is 
used. This is more accurate than measuring Vg and Ig directly, 
and the instruments for this purpose are then used only as checks. 
This modification is due to E. Wilson. Th e efficiency thus calculated 
is for the motor at the actual input' at which the measurements 
are taken, and the assumption of equal efficiencies made in the 
Hopkinson test is not made in the Field test. 


13. Swinburne’s Test 

Swinburne’s test can be applied to a single generator. The hot 
resistances of the armature and field coils are obtained first (see 
Art. 2). From these the resistance losses can be calculated. 

The iron and friction losses are then obtained by running the 
dynamo as a motor. The P.D. applied to the brushes is adjusted 
to be equal to the E.M.F. of the machine when generating the current 
at which the efficiency is desired, 

l.e. Applied P.D. = V + IR^ volts, 

where V = terminal voltage of generator, at load I, 

I = armature amperes at desired loads, 

Ra = armature resistance in ohms. 

The speed is then adjusted to its normal value by the field 
regulator. The armature current (IJ is measured under these 
conditions. Then the watts supplied to the armature (P.D. x !<,) 
are all wasted in friction and iron losses, except for a negligible PR 
loss. 
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Since the speed is normal and the total flux is the same as under 
load (because the E.M.F. is the same in the two cases) it is assumed 
that the (friction -f iron) loss thus measured remains constant. 
The calculated resistance losses are then added on to obtain the 
total loss. 

Thenefficiencyofgenerator = ^-5^^^5^^^|^ X loopercent. 

This test is a very convenient one, but is not quite accurate 
since the iron losses under an actual load are greater than those 
measured. This is due mainly to armature reaction distorting the 
field, any departure from uniform distribution increasing the iron 
losses on the whole. 


14. Separation of Losses (i) 

By repeating the second part of Swinbume*s test (Art. 13) at 
constant excitation but various 
speeds, the eddy current loss can 
be separated from the hysteresis and 
friction losses. The connexions for 
this test are shown in Fig. 12.10. 

The field current is kept constant 
at its normal value, and the speed 
varied by altering the resistance in 
the armature circuit. 

Then, as in Art. 13, VIo (less PR 
loss in armature, which is usually 
negligible) = losses by eddy cur¬ 
rents, hysteresis, and friction. But 
the eddy current loss varies as 

(speed) 2 (see Art. 2), while the hysteresis and friction losses vary 
as the speed; 

VI<, — I/R — a.n^ -{-h.n .(i) 

where n = r.p.m.. 



Fig. 12.10. —Connexions for 
Separation of Losses. 


a is eddy current loss constant, 
h is hysteresis and friction losses constant; 
VL - I 2 R, 


.(2) 


A number of observations are taken and 


— is plotted 


against n. This should give a straight line, and if this is produced 
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to meet the vertical axis the intercept gives h (see Fig. 12.ii). The 
slope of the line gives a. 

The eddy current loss and the sum of the hysteresis and friction 
losses can then be calculated for any speed. Alternatively they can 
be obtained graphically as shown by the shaded areas in Fig. 12.11. 

^Vhen the armature PR loss is negligible V is proportional to n, 
since the field is constant. The left-hand side of equation (2) then 
reduces to x a constant. Therefore % need not be observed and 
Ip can be plotted against V. The remaming procedure is unaltered. 


15. Separation of Losses (2) 

The friction loss can be separated from the others by an experi¬ 
ment with similar connexions to those of Art. 14. 

The armature voltage is reduced 
step by step as before, but the 
speed is kept constant by weakening 
the field as the armature voltage is 
reduced. The watts supplied to 
the armature (less its PR loss) are 
plotted against the armature E.M.F. 
As the armature E.M.F. and there¬ 
fore the excitation also, are reduced 
the iron losses diminish [eddy cur¬ 
rents loss oc hysteresis loss oc 
(Art. 3)]. Therefore by con¬ 
tinuing the curve down to zero 
E.M.F. the friction loss at the con¬ 
stant speed is obtained (see Fig. 
12.12). 

Since the curve cannot be obtained experimentally for very low 
voltages (since the motor will not run) there is some doubt as to the 
exact shape of the dotted part of the curve. If this appears likely 
to cause considerable error the friction loss may be calculated by 
taking two points on the curve and using the formula 



TiON OF Eddy Current Loss. 

Half eddy cnrrent loss. 

E23 Friction and hysteresis losses. 


Friction loss = 


-d) 


where Wj is the watts supplied when armature voltage is Ej, 
W2 is the watts supplied when armature voltage is E2, 
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^6 q 


and k has a value between 
1-6 and 2, dependent on 
the relative amounts of 
the hysteresis and eddy 
current losses. 

16. Retardation Method 
If the machine is run 
as a motor at a high speed 
with no load, on cutting 
of the power supply it 
will slow down gradually 
and finally stop. During 
this process the driving 
power is supplied by the 
loss of kinetic energy of 
the armature. 

Now Kinetic energy = 

where K = moment of inertia of the armature, 

<0 = angular velocity in radians per sec. 

277 % 

— -7—, where n = r.p.m.; 

60 

Driving power == loss of kinetic energy per sec. 

= JK X (diminution of per sec.).(i) 

Then if K is known 
and CO (or n) is observed 
during the running down 
of the motor the driving 
power can be determined 
in either of the following 
ways:— 

{a) Plot (or n-) 
against time. At the point 
P on this cun^e corre¬ 
sponding to normal speed 
draw a tangent, PT, to 


E. E., VOL. I. 


A 



Fig. 12.13. —Ret.\rdation Method (a). 



f = Friction loss. 


24 
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the curve. Then the slope 
of the curve at P, i.e. the 
tangent of /, OTP, gives 
the change of per sec. 
This, multiplied by JK, 
gives the driving power 
[equation (i)]. 

{b) Plot (or fi) against 
time. At the point P on 
this curve corresponding 
to normal speed draw the 
normal PL {i.e. the line 
perpendicular to the tan¬ 
gent PT) and the ordinate 
PN. (See Fig. 12.14.) 


LN X K gives the driving power. 

Since it is difficult to determine K directly or by calculation, it 
is eliminated by a second experiment. In the latter, either the 
necessary driving power is increased by a known amount by loading 
the motor with a brake; or alternatively K is increased by a known 
amount by means of a fly-wheel or rotating weights. 

Denoting the driving power in the first experiment by P, and 
the power taken by the brake by 

P = JK X diminution of per sec. in the first experiment, 

P 4- ^ = IK X diminution of per sec. in the second experiment. 

Thus P (and K, too, if desired) can be determined from the two 
experiments. 

By the alternative (fly-wheel) method— 

P = JK X diminution of per sec. in the ist experiment, 
and 

P — J (K -}- K') X diminution of per sec. in the 2nd experi¬ 
ment. 

Whence, as before, both P and K can be determined. 

The retardation method can be applied to determine the total 
friction and iron losses, by opening the armature circuit but keeping 
the excitation constant. The driving power during running down 
must then supply the iron and friction losses. 



Fig. 12.14.—Retardation Method 

The subnormal LN = — 
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By opening the field circuit as well, the necessary driving power 
is reduced to that required for the friction losses. The latter can 
therefore be separated by a second retardation test. Since K has 
been determined by the two experiments of the first test only one 
experiment is needed in the second test. Note that the field 
circuit must be disconnected from the armature [i.e. an ordinary 
motor start or cannot be used), otherwise the latter sends a current 
through the field windings during the running down. A field¬ 
breaking switch (see Vol. II.) must therefore be used. An 
alternative is to drive the motor by- another connected to it by a 
belt, knocking off the belt before taking observations. 

The main difficulty in connexion with the retardation method 
is the accurate determination of the speed, which is continually 
changing. 

17. Combined Method 

, The preceding methods may be combined in the following way 
as an alternative to either separately:— 

[a) Separate the eddy current loss from the other two by the 
method of Art. 14. 

{b) Carry out a retardation test with constant field, but do not 
determine or eliminate K (Art. 16). 

{c) Repeat (&) with the excitation cut off. 

From the results of (b) and (c) the ratio of the friction losses to 
the sum of the friction and iron losses can be determined at any 
desired speed. But this sum is known from the observation in 
experiment {a)y being the total power supplied to the armature less 
the PR losses (cf. Art. 14). Hence the friction loss is determined. 
Finally, by subtracting the friction and eddy current losses from the 
above sum the hysteresis loss alone is left. 

This method has the advantage over that of Arts. 14, 15 of 
avoiding extrapolation in the determination of the friction loss. 
At the same time it does away with the necessity of determining K 
(Art. 16), which is somewhat difficult to do accurately. 

QUESTIONS ON CHAPTER XII 

1. Define the “ electrical ” and “ commercial ’’ efficiencies of a generator. 

To what causes is the difference between these due ? 

2. The I.H.P. of a steam engine driving a generator is 500 when the 
generator is delivering 580 amperes at 525 volts. 

Calculate {a) “ combined " efficiency, (f>) “ commercial ” efficiency of 
generator, if mechanical efficiency of engine is 88 per cent., (c) "electrical ” 
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efficiency of generator if the copper losses amount to 107 kilowatts, (<i) sum 
of friction and iron losses. 

3. A shunt-wound generator is supplying 250 amperes at 440 volts 
terminal P.D. The resistances of the windings are: armature 0-058 ohm, 
shunt 81-7 ohms. Determine the armature current, the generated E.M.F., 
and the “ electrical ” efficiency. 

Find the " commercial ” efficiency if the friction and iron losses together 
axe 3 per cent, of the output. 

4. A short-shunt ” compound-wound generator supplies 50 amperes at 
230 volts. 

Armature resistance = -0985 ohm. 

Shunt winding res. = 106-9 ohm. 

Series „ „ = -041 ohm. 

Determine the armature current, the E.M.F., and the electrical efficiency. 

5. If the friction and iron losses together equal 3^ per cent, of output, 
determine the commercial efficiency of Ae above generator. 

6. Find the “ electrical efficiency of a compound-wound motor supplied 
with 100 amperes at 440 volts: 

resistance of armature = 0-135 

„ shunt = 205 ohms. 

„ series turns = 0-026 ohm. 

If the B.H.P. of the motor is 50, what is the " commercial efficiency, 

and what are the iron and friction losses together ? 

7. Compare two generators having the same armatures and magnet cores, 
with regard to voltage, output, losses of various sorts, efficiency, size of wire 
for shunt and resistance of shunt, and commutating qualities, if one runs at 
t\\dce the speed of the other. 

8. Describe the general characteristics of the Hopkinson, or double’ 
conversion, method of testing electrical plant, and criticise its usefulness and 
convenience (ci) for a long run at full load, (b) as an overall test of efficiency. 

[Lond. Univ., El. Tech. 

9. Describe in detail all the adjustments and tests you would make in 

determining the efficiency of a direct current shunt motor by the loss 
method at a given output. Deduce the formula for the current corresponding 
with a load of W watts supplied at V volts, assuming the loss tests have 
furnished the requisite data. [Lond. Univ., El. Tech. 

10. Describe in detail the retardation method of testing the losses in 
machines, and compare its reliability with other standard methods. How 
can the moment of inertia of the rotating parts be found by this method ? 

[Lond. Univ., El. Mach. 

I r. A shunt motor running light at 480 volts takes a current of 2-5 amperes. 
The resistance of its field winding is 800 ohms and of its armature o-6 ohm. 
Determine the efficiency of the motor when loaded so that the current is 40 
amperes, the terminal voltage being maintained at 480 volts. 

[Lond. Univ. (Mining), El. Tech. 



CHAPTER XIII 

ACCUMULATORS 

I. Accumulators 

Accumulators are used for storing electrical energy and giving 
it out again when required. They are called also storage cells or 
secondary cells. The electrical energy is converted into chemical 
energy, and retained in that form until electrical energy is required 
again. The chemical energy is then reconverted into the electrical 
form, apart from the portion turned into heat. 

A primary cell gives out electrical energy which is derived from 
the chemical actions which occur in it, nearly always by the solution 
of zinc in an acid or a salt solution. The zinc forms as it were the 
fuel whose consumption produces energy when required. In some 
cells the effect of sending a current against the E.M.F. of the cell is 
to reverse the chemical actions, and ultimately to restore the cell to 
its original condition. For instance, in the Daniell cell (see Chapter 

II. , Art. 8) a current sent through the cell from the copper to the 
zinc will cause some of the copper to dissolve to copper sulphate, 
which will crystallise out from the solution, and in the other portion 
of the cell zinc will be deposited from the zinc sulphate. Cells of 
this sort are called reversible. (N.B.—Sometimes this name is 
restricted to those cells in which in addition the E.M.F. is the same 
for both directions of the current.) Thus electrical energy may be 
used to re-deposit the zinc, which on being dissolved once more 
again gives out electrical energy. 

A secondary cell must be reversible. The most important of the 
other properties it should possess are:— 

[a) low resistance, without which it cannot have— 

(&) high efficiency, for which low resistance is only one 
essential; 

[c) large storage capacity; 

[d) fairly constant E.M.F.; 

[e) durabihty; 

(/) cheapness. 

The only cell which possesses these in a sufficient degree to be 
used largely is the lead, sulphuric acid, lead peroxide cell, though 
Edison’s iron-nickel cell has certain advantages. 
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2. Chemical Changes 

The chemical changes are actually very complex, but their 
general character is as follows. When the cell is charged the active 
material of the positive plates is lead peroxide (PbOg), and that of 
the negative ones is metallic lead in a spongy state. 

When the cell discharges the sulphuric acid (H2SO4) is dissociated 
into Ha and SO4 ions. The former move towards the positive plate 
and there reduce the peroxide to monoxide (PbO), which then 
combines with the sulphuric acid to form lead sulphate. These 
reactions may be written as follows:— 

PbOa + Ha = PbO + HaO, 

PbO + H2SO4 = PbS 04 + H2O, 
or in one step: PbOg + Hg + H2SO4 = PbS04 + 2H2O. 

At the negative plate the SO4 ions combine with the lead to form 
lead sulphate; or in symbols— 

Pb+S04 = PbS04. 

The lead sulphate formed is not actually ordinary lead sulphate 
(PbS04), which is insoluble, but some more coinplex compound, 
probably containing a larger proportion of lead.* Since its exact 
nature is uncertain the simple formula PbS04 has been used in the 
above equations, which therefore must be taken only as representing 
the general nature of the changes. 

On recharging the cell the Hg ions move to the negative plate 
and the SO4 ions to the positive. The above chemical reactions are 
therefore reversed, and the changes may be represented as follows:— 

At the negative plate: PbS04 + Ha = Pb -|- H2SO4 
and at the positive plate: 

PbS04 + SO4 + 2H2O = PbOg + 2H2SO4. . 

Thus the two plates of lead sulphate are converted into lead 
peroxide and lead respectively. For every molecule of lead peroxide 
formed on the positive, one atom of lead is produced from sulphate 
on the negative, and two new molecules of sulphuric acid are formed. 

Wdien the cell is nearly fully charged the amount of lead sulphate 
still present in the plates is insufficient to combine with all the ions 
reaching the plates. Consequently hydrogen gas is given off at the 
negative plates. At the same time oxygen gas is given off at the 
positive plates from the SO4 ions, the SO3 recombining with water 

* Feiy states it to be PbjS04; see Sci. Ahstr., Vol. 22, No. 351. 
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to form sulphuric acid. This action is known as the gassing of the 
cell. Gassing occurs to some extent during the whole of charging, 
but extensive gassing from both sets of plates is a sign that the cell 
is charged practically completely. 

The insoluble lead sulphate (PbSOJ sometimes appears in the 
plates, which are then said to be sulphated. It has a bad effect on 
a cell, increasing its resistance and diminishing its capacity. It is 



Fig. 13.01.—Specific Resistance of Sulphuric Acid. 

usually the result of leaving the cell incompletely 
charged for a long time, or of continuing the 
discharge too long (see Arts. 4 and 9). 

3. Changes of Specific Gravity of Acid 

It can be seen from the equations of the 
chemical actions that the amount of sulphuric 
acid present increases during charge, and decreases 
during discharge. Since pure sulphuric acid has a 
specific gravity- of 1-84 this results in an increase 
during charge of the specific gravity of the dilute acid used. The 
values of the specific gravity usually range from i-2i when the cell 
is fully charged to i-i8 when it is discharged, but these values vary 
slightly in different makes of cell. The less acid there is for a given 
weight of active material the greater the change of specific gravity 
during a charge or a discharge. The above values correspond with 
28|- per cent, and 24J per cent, respectively of pure sulphuric acid 


Fig. 13.02.-HY- 

DROMETER FOR 

Accumulators. 
















376 


Accumulators 


by weight; or by volume to V ]\ per cent, and 15 per cent, of acid 
respectively. The last percentage corresponds nearly with 6 
volumes of water to i of acid. 

The specific resistance of dilute sulphuric acid decreases as the 
percentage of acid increases up to about 30 per cent, by weight (see 
Fig. 13.01). The use of stronger acid up to this value therefore 
decreases the internal resistance of a cell, but increases the risk of 
damage to the active material. If the acid is too weak the grid is 
liable to attack. ■ 

In mixing, the acid should be added to the water and not vice 
versa. The diluted acid should be allowed to cool before its specific 
gravity is measured, as the value when hot is lower than that at 
normal temperature. 

The specific gravity can be measured by a flat bulb hydro¬ 
meter. This consists of a glass bulb (see Fig. 13.02) with a long 
stem showing a scale. It is loaded with shot, so that it floats 
upright in the acid. The thickness is under in., so that it can 
go between the plates of a cell if necessary. The specific gravity 
is read on the scale at the level of the acid. 


4. Change of Voltage during Charge and Discharge 

The E.M.F. of a charged cell depends on the specific gravity of 
the acid, varying from 2 volts with a specific gravity of 1*15 to 2*i 
volts with a .specific gravity of 1*28. When a cell has been recently 
charged its E.M.F. is higher than these values (about 2-3 volts), but 
it gradually loses this extra voltage, even if left on open circuit. 

On commencing discharge the P.D. at the terminals immediately 
falls owing to internal resistance. In addition to this the E.M.F. 
changes, owing to polarisation and to changes of specific gravity in 
the acid in the pores of the plates. If the circuit is broken the 
E.M.F. immediately commences to rise, due to the stronger acid 
diffusing into the plate pores, so that it is very difficult to obtain 
its true value during discharge. But for this difficulty the resistance 
of the cell at any time could be obtained readily by measuring 
the terminal P.D. on closed and on open circuit. 


For then:—Internal resistance of cell = - 


E-V 


where E = terminal voltage on open circuit (E.M.F.), 
V = „ „ on closed circuit. 


I = amperes flowing through closed circuit (see further 
Art. 15). 
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If the discharge is continued at a constant current the terminal 
P.D. faUs rapidly for a short time, then slowly for some time, and 
again more rapidly towards the end of discharge (see Fig. 13.03). 
When the P.D. has fallen to a value dependent on the rate of 
discharge (about 1-85 volts) the discharge should be stopped. If 
it is continued the cell will deliver only a comparativelv small 
amount of energy owing to the rapid fall of P.D. At the same 
time there is a possibility of damage to the cell if treated in 
this way. 

The chief cause of the final rapid faU of voltage is probably an 
increase of internal resistance owing to dilution of the acid in the 
• pores of the plates (cf. Fig. 13.01). It is not due to exhaustion 
of the active materials. 

On charging the cell 2-6 

the P.D, rises as shown 
in Fig. 13.03. The 
charge curve resembles 
the discharge curve re¬ 
versed, but is every- . 

where higher owing to | 

the effects of resistance ^ 

and polarisation. 

1-8 

5. Formed Plates 

In the original cell 1*6 

of Plante the plates ® ^ 4 ^ 8 lo 12 

were both pure lead at Eours, 

the start. On passing Fig. 13.03 .—Charge and Disch.^rge Curves 
a charging current Lex-d Accumul.ator. 

through these plates in 

dilute sulphuric acid the positive becomes covered with a thin layer 
of transparent brown lead peroxide. This does not increase in 
thickness if the current is continued. If, however, the cell is left 
on open circuit the peroxide is reduced to oxide by the lead under¬ 
neath it. On again passing the current the double layer is 
peroxidised. By repeating this the thickness of the layer can be 
gradually increased, but the intervals of rest required grow longer. 
These can be reduced by discharging the cell instead of leaving it 
on open circuit. This opens up the layer of peroxide and allows the 
acid to penetrate it more readily. Even then the time of rest 
increases, till it becomes so long that further increase of capacity 
requires more time than it is worth. 
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This process is known as formation, and plates made by this 
method are called Plante plates, or formed plates. Negative plates 
are formed by the same process, and finally turned from positive to 
negative plates by reversing the current until the whole of the 
peroxide has been reduced to spongy lead. 

A quicker method of formation is obtained by using a forming 
bath of dilute sulphuric acid (about i-i specific gravity) to which 
a '‘forming agent" has been added. The forming agent is a 
substance which on electrolysis produces a soluble lead salt, e.g. the 
nitrate, the acetate, or the perchlorate. The action appears to be 
as follows:—A layer of the soluble salt is formed and is at once 
converted into lead sulphate, which in turn becomes peroxide. 
These latter actions release ions which form more of the soluble 
salt, and so the action continues to a considerable depth of the lead. 

The difficulty is to obtain the best proportion of forming agent 
to acid. If too little is used the plate becomes covered with a 
protective layer preventing further formation; and if too much the 
peroxide flakes off. 

The final stage of formation should be carried out in dilute 
sulphuric acid alone, otherwise the plates are liable to deteriorate 
rapidly in use, due to continued action by the forming agent. 

The disadvantage of this and other similar quick methods is 
that very careful adjustment of all the conditions is necessary to 
obtain satisfactory results. The labour costs are higher, and partly 
neutralise the saving effected in electric energy compared with the 
Plante process. 

6. Pasted Plates 

Faure introduced the use of a paste of red lead or minium, which 
usually has a composition represented by Pb304, but varies between 
PbgO, and PbgOg. Later litharge (PbO) was used. Whichever is 
used it is mixed into a paste with dilute sulphuric acid (specific 
gravity about 1-15) to which other substances [e.g. acetic acid) are 
sometimes added. The paste.is applied while moist to a supporting 
grid (see Art. 7) of lead, and in many cases subjected to considerable 
pressure to consolidate it. On the other hand when porous plates 
are desired other substances are mixed with the paste and after¬ 
wards dissolved out. 

Litharge is always used for negative plates nowadays because 
less reduction is required to turn it into spongy lead than for red 
lead. For positive plates red lead requires less peroxidisation, but 
is more difficult to make into a satisfactory paste than litharge. 
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(a) “ Tudor." (b) Portion of plate. “ D.P. Co." 

Fig. 13.04.— Plante Positives. 


The quantities of electricity required per pound of active material 
are 109 ampere-hours for the reduction of litharge and the same for 
its peroxidisation, and 71 ampere-hours for the peroxidisation of red 
lead if of the composition PbgO^. The formation usually takes 
from 40 hours to 60 hours, a very much shorter time than that 
required for Plante plates. 

Pasted plates are more liable to disintegration in use than formed 
(Plant6) plates. Hence in the best class of cells, particularly when 
rapid discharges ma^y occur as in traction work, the positive plates 
are always of the Plants type. The negative plates are less liable to 
damage from this cause, consequently pasted negatives are often used. 


7. Plate Details 

Formed positives are made from cast lead plates whose shape is 
such that they of er a surface up to ten times as great as plain lead 
plates of equal size (i.e. a surface equal to 
twenty times the area of one side). Two 
forms are shown in Fig. 13.04. Elevation 

The D.P. (Dujardin-Plante) Company || | | | || n || ||| || | ||| | |||| ||| '|i| r| ||| | [f 
uses a plate with vertical ribs strengthened 
at intervals by horizontal ribs. The Tudor j||ff]r][][ff| 
plate is somewhat similar, consisting of i i lll l ll l ll lii l y t l lLlii lllJ 

(a) “ Gimped ” strip. 



SUPPORTFNQ 

PLATE 


ROSETTE OF 
GIMPED STRIP 


(b) Portion of completed plate. (c) Section of plate. 

Fig. 13.05. —"Chloride*' Positive. 
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vertical ribs strengthened by horizontal ribs, the latter not 
quite reaching the tops of the former, and with a central plate 
of metal. 

The Chloride Company (whose name comes from their former 
use of lead chloride with lo per cent, of zinc chloride in the manu¬ 
facture of their plates) now make plates similar to the above, but 




employ also a positive plate of unusual design. Lead strip is 
passed through rollers which “gimp” it with deep triangular 
grooves, leaving a central supporting ridge. Lengths of gimped 
strip are rolled into rosettes. These are placed in round holes 
in a stout supporting plate. Finally the plate is subjected to 
hydraulic pressure, which compresses the rosettes and forces them 
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into contact with the support. As the holes are slightly dovetailed 
there is no danger of the rosettes falling out after this process. 

In pasted plates the active material is held by a lead girid, of 
which there is a large number of varieties. Four are shovm in Fi<^ 
13.06. 

In the box type which has been adopted widely in recent 
years the grid is made in two halves. Each consists of a thin 
perforated sheet of lead with supporting ribs. After the paste 
has been applied the halves are riveted together, thus forming a 
perforated box inside which 
the active material is 
held. Projecting pins and 
corresponding holes are pro¬ 
vided on the two halves to 
ensure the correctness of 
their relative position. 

Supports and grids are 
made either of pure lead- or 
of lead with from i per cent, 
to 5 per cent, of antimony. 

This hardens the lead and 
also renders it less liable to 
attack by local action. The 
hardening may be disadvan¬ 
tageous for positive supports 
owing to the expansion of 
the active material to which 
pure lead wiU yield more 
readily. Hardened lead is 
therefore more usual in 

negative grids, and in posi- Fi„ i3.c,7._..box” type of pasted 
tives of special type, e.g, Plate. 

the Chloride, in which the 

support is of hard lead and the rosettes of pure lead. 

8. Cell Details 

The number of plates in a cell is nearly always odd, an extra 
negative plate being used so that each positive plate has a negative 
one on each side of it. If this is not done the end positive plate is 
very liable to buckle owing to unequal expansion. The plates are 
prevented from bending so as to touch each other by means of 
separators. These are usually rods or tubes of ebonite or glass. 
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or tMn sheets of specially prepared wood held by slotted wooden 
rods (see Fig. 13.08). Other separators consist of perforated 
ebonite, or of ribbed wooden,sheets for portable cells. 

Stationary cells are contained in glass boxes with open tops. 
The plates are supported by lugs which rest either on the edge of 
the box, or on vertical glass slabs inside the box. A sheet of glass 
rests on the lugs to diminish loss of acid by spraying when gassing 
occurs. A considerable space is left between the bottom of the box 
and the plates, so that any loosened active material or other deposit 
in the cell cannot cause a short-circuit. Large glass boxes are 
placed on shallow wooden trays, filled with sawdust so as to 



Fig. 13.08.— Section of Cell with Wooden Separators. 


distribute the pressure evenly. The trays are each supported on 
several glass insulators (see Fig. 13.09) placed on wooden stands 
made without any metal bolts or nails. These insulators are 
necessary to prevent loss of charge by leakage. 

In modem practice it is usual to omit the trays, and place the 
glass boxes directly on the insulators. For very large cells lead- 
lined wood boxes are used in place of glass. 

Cells are best connected by burning the end connexions together. 
In small installations this is too troublesome a process. Brass bolts 
may be used for these, good brass being much less attacked by acid 
fumes than iron is. They must, however, be protected by anti- 
sulphuric enamel, paraffin wax, or vaselin. For the same reason 
battery connexions are best made by means of lead strip. 
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il) Section of glass insulator. 

Fig. 13.09.— Insulating Supports for Cells. 

Bolts and nuts with a protective covering of lead or an alloy of 
lead are often provided (see Fig. 13.10). The bolt and nut may 
he of brass or iron; the shank of the bolt is not covered, as it is 
protected when in position by the two lead 
lugs which it clamps together. 

Portable cells of small size are con¬ 
tained in ebonite, celluloid or glass boxes 
with covers. Apertures must be provided 
for the escape of gases during charging. 

The containers are then placed in crates 
of wood for protection. Larger sizes 
have lead-lined wooden containers. The 
plates are supported by glass, celluloid, 
or other suitable strips at the bottom 
of the containers so as to leave a free 
space for deposits. 
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9. The Capacity of a Cell 

The capacity of a cell is the quantity of electricity which it can 
give out during a single discharge. This is usually taken as the 
discharge down to some definite voltage in the neighbourhood of 
1-8 volts (see Art. 4). The rate of discharge will affect the capacity 
as thus defined,* for the heavier the current the greater is the 
voltage used in overcoming the internal resistance of the cell. In 
addition to this the weakening of the acid in the pores of the plates 
below the strength of the main body of the acid is necessarily 
greater with rapid discharges. The efect of rate of discharge on 
capacity is shown in Fig. 13.11. 

The relation of capacity to weight depends upon the ratio of 
active material to the supporting metal which is not acted on. A 

high capacity per lb., 
therefore, means a less 
durable plate, other 
things being equal. 
For stationary batteries 
a capacity of two to 
three ampere-hours per 
lb. is usual, the former 
figure applying to bat¬ 
teries used for traction 
I 2461 supply. Electric auto- 

Time of discharie {hours). j^obile cells are made 

Fig. 13.11 .—Relation of Capacity and much lighter, because 
Discharge Rate, their weight adds to 

the. power they must 
expend in driving the car. The limit is about 5 ampere-hours 
per lb. per cell, higher figures increasing excessively the cost of cell 
renewals. With plates of ordinary thickness the capacity is roughly 
J ampere-hour per sq. in. of plate area (only one side is taken in 
reckoning the area). The positives are usually thicker, especially if 
they are formed and the negatives are pasted. Nevertheless the 
capacity is generally limited by the positives and not by the 
negatives. 

Temperature has a very great effect on capacity, especially at 
high rates of discharge. The P.D. is raised slightly and the capacity 

* Output is a better name for the quantity discharged, retaining capacity 
for the total ampere-hours stored in the cell, but the general custom is to give 
the name capacity to the former quantity, and this practice has been adopted 
in what follows. 










Efficiency 


greatly by an increased temperature. Compared with the capacity 
down to 17 volts at 15° C.; the lo-hour rate capacity is increased by 
f per cent, per degree C. rise, that at the 3-hour rate by i per cent, 
per degree C., and at the i-hour rate by ij per cent, per degree C. 

These increases are due mainly to the higher temperatures 
permitting more rapid diffusion of the acid, and increasing the 
velocities of the ions taking part in the chemical changes. 


10. EflBdency 

Two different sorts of efhciency are used in connexion with 
accumulators: {a) The quantity or ampere-hour efficiency, (&) the 
energy or watt-hour efficiency. In each case the efficiency is 
considered for a complete charge and a complete discharge down to 
the state in which the cell was at the commencement. Under this 
condition— 

, ... ampere-hours discharged 

The quantity efficiency = -— -^ ° — 

ampere-hours of charge 


The energy efficiency 


watt-hours discharged 
watt-hours of charge 


The latter is always the smaller of the two because the average 
P.D. during discharge is lower than the average P.D. during charge, 
owing to internal resistance and polarisation. 

Both depend on the rate of discharge, but the quantity efficiency 
varies only slightly with different rates. The energy efficiency is 
reduced in a greater proportion by rapid discharges, since the 
terminal P.D. is lowered more the greater the current. This refers 
to complete charges and discharges; the energy efficiency for 
partial charges and discharges alternating at intervals of a few 
minutes or less (as in a battery used on a traction load, see Chapter 
XVI., Arts. 5, 6, and 7) is higher, especially with short intervals. 
This '' workingefficiency is about 80 per cent, to 85 per cent., 
while the ordinary energy efficiency is about 75 per cent, for average 
conditions. The quantity efficiency is 90 per cent, to 95 percent., 
the latter figure being obtained when discharge follows charge 


almost immediately. 

The method of charging affects both capacity and efficiency. 
The ordinary method is to- charge at constant current, raising the 
charging voltage as the cell E.M.F. increases. .Am alternative 
method is to charge at constant P.D. This results in a very large 
current at first when the cell E.M.F. is low, and a much smaller 


current towards the end of charging. 


E. E.. VOL. I. 


25 
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The effect of the constant P.D. method is to diminish the time 
of charging to one half or less, to increase the capacity by about 20 
per cent., and to reduce the efficiency by about 10 per cent. The 
full effect occurs only if discharge follows charge at once, and is 
due mainly to great concentration of acid in the pores of the 
positive plates. 

II. Maintenance 

The following are some of the important points to which attention 
should be paid in order to maintain a battery in good condition:— 

The discharge should not be continued after the P.D. has fallen, 
with the current flowing at the normal rate, below the permissible 
minimum value for the particular rate of discharge. With larger 
currents the P.D. may be allowed to fall lower. E.g. at the 
20-minute rate it may fall to 1*6 v. 

The battery should not be left standing in a discharged state 
longer than necessary. If it is to be out of use for some time it 
should receive a charge which is continued till gassing takes place 
from both positive and negative plates. If possible a short charge 
should be given to it once a fortnight. If the battery can be 
conveniently divided into sections, or all the cells separated, it is 
advisable to do so, as this diminishes leakage. 

The probable result of over-discharging the cells or of leaving them 
for long in a discharged state is that the plates become sulphated, 
i.e. the insoluble white sulphate of lead (PbS04) formed. This 
has a high resistance, and therefore diminishes the efficiency and the 
capacity of the cell. It is very difficult to cure. The usual treat¬ 
ment is to give the ceU a succession of overcharges. When one or 
two cells show signs of sulphation or other trouble requiring extra 
charging for its cure, they may be cut out of circuit during discharge 
and thus receive two charges mth no intervening discharge. An 
alternative is to use a small “milking” booster or a couple of 
hospital ” cells to continue the charge to the faulty cell after the 
battery as a whole has been fully charged. These latter methods 
have the advantage of not necessitating the breaking of connexions 
between the faulty cell and the rest of the battery. 

When a series of overcharges fails to cure sulphation the free 
acid should be emptied out and replaced by pure water. This, 
mixed with the acid in the plate pores, will give a weak acid of Sp. 
Gr. I-I or less. Prolonged charging should then cure the trouble, 
though it may be necessary to replace the acid again with water 
when the Sp. Gr. has risen to luy. 
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The level of the electrolyte should be kept well above the tops 
of the plates by the addition of distilled water when required. 
Occasionally acid may have to be added to make up for that throwm 
out when gassing occurs. If this has to be done some of the acid 
in the ceU should be drawn off. Strong acid is added till its specific 
gravity is raised to 1*4 or less. It is then run back into the cells. 
If necessary this may be repeated after plenty of time has been 
allowed for the stronger acid to diffuse thoroughly throughout 
the cell. The specific 
gravity of the acid in 
each cell should be 
taken regularly at the 
end of a charge, as 
its regularity affords 
a good indication of 
whether the battery is 
keeping in satisfactory 
condition. 

12. The Iron-Nickel 
Accumulator 

The iron-nickel 
storage cell invented 
by Edison is the only 
one that has any pros¬ 
pect of competing with 
the lead cell. It has a 
nickel positive, an iron 
negative, and an alka¬ 
line electrolyte. 

The positive plate Fig. 13.12.—Edison Iron-Nickel 

is built up of a number Accumul.\tor. 

of steel tubes formed 

from a perforated ribbon with a lapped spiral seam. The active 
material consists of nickel hydroxide and thin flakes of metaUic 
nickel, which are packed into the tubes in alternate layers. The 
tubes are then reinforced with seamless steel rings and are flanged 
at both ends. They are clamped into contact with a frame of cold 
rolled steel (see Fig. 13.12). Both the tubes and the frame are 
heavily nickel-plated. 

The negative plate is built up of a number of rectangular 
pockets, stamped from finely perforated nickelled steel ribbon. 
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These are filled with the active material, which is powdered iron 
oxide. It is prepared from monosulphide of iron by eliminating the 
sulphur by alternate oxidisations and reductions in caustic potash. 
This method of formation is necessary to make the iron susceptible 
to electrolytic oxidisation and reduction, i.e. the actions which occur 
when the cell is in use. The pockets are inserted in a grid of cold 
rolled steel, heavily nickel-plated. The plate is subjected to great 
pressure between dies which corrugate the surfaces of the pockets 
and force them into intimate contact with the grid (see Fig. 13.12). 

The plates are insulated from each other by hard rubber strip 
separators, and from the container by thin sheets of hard rubber. 
This container is made of cold rolled sheet steel with welded seams. 
It is nickel-plated and covered with a flexible insulating compound. 
The sides of the container are corrugated to increase its stiffness. 

The electrolyte consists of a 21 per cent, solution of caustic 
potash (KOH) in distilled water with a small proportion of lithium 
hydrate (LiOH). The normal Sp. Gr. is 1*22, and this does not 
vary much during charge or discharge. 

The surface of the electrolyte should be above the tops of the 
plates. When it falls too low it should be brought up by the 
addition of distilled water before charging. After nine months or 
more of use the Sp. Gr. at the end of full charging will have fallen 
below I-16. It should then be poured away and replaced with a 
25 per cent, solution (Sp, Gr. 1*25). This stronger solution is neces¬ 
sary to compensate for the old weak electrolyte retained by the 
plates. 

This cell has a bigger capacity per lb. than the lead cell, but a 
lower efficiency. For electromobiles, train-lighting, etc., it has an 
advantage over the lead ceU, but for stationary work the latter is 
undoubtedly superior. 

The ampere-hour efficiency is about 80 per cent., and the watt- 
hour efficiency 55 per cent, to 60 per cent. A cell with 300 ampere- 
hours capacity at the 8-hour discharge rate weighs 30 lb. complete. 
At this rate the average P.D. during discharge is 1*24 volt, varying 
from about 1*4 volt to i-i volt. Allowing for the higher P.D, of 
the lead ceU the weight is equivalent to from six to seven amp.-hr. 
per lb. per ceU (lead), i.e. much less than a lead cell weighs (see 
Art. 9). During charge at the 7-hour rate the P.D. rises from 1-55 
to 1*8 volt. 

The capacity increases about 10 per cent, with use, and is not 
diminished by short-circuits nor by long standing in the discharged 
state. The active material is not thrown down by jolting or over- 
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charging, so that the life of the cells is very long, and the upkeep is 
confined almost entirely to occasional renewal of the electrolyte. A 
“ boostingcharge, i,e. one of short duration at twice to four times 
normal rate, may be given at any time during discharge. By 
doing this during the dinner hour the running distance per day of 
an electromobile can be increased by 30 per cent, and the efficiency 
improved. This cell is therefore useful when the conditions of 
working are very variable or severe. 

13. Cyclic State 

In testing a secondary ceU, especially for efficiency, it is necessaiy 
to make sure that the cell has returned to the same chemical state 
as at the commencement of the test. Otherwise part of the output 
may have been obtained at the expense of some of the chemical 
energy originally contained in the cell, and efficiencies of over 
100 per cent, are possible. 

Even if the P.D. of the cell when delivering a given current, and 
the specific gravity of the acid have returned to their original values, 
it is not certain that the chemical state of the plates has also been 
exactly restored. To ensure this a succession of charges and 
discharges must be carried out and continued until the voltage-time 
and specific gravity-time curves are repeated exactly each time. 
The cell is then said to be in a cyclic state. When this is reached 
accurate values of efficiency and capacity can be obtained. Since 
the behaviour of a cell depends on its past history it is necessary to 
obtain the cyclic state separately for each rate of discharge or 
charge for which the efficiency or capacity is to be determined. 

14. Tests of Capacity and Efficiency 

When the cell has reached the cyclic state for the desired con¬ 
ditions of charge and discharge the above tests are quite straight¬ 
forward. The discharge is nearly always at constant current, and 
the only other quantity required to obtain the capacity in ampere- 
hours is the time of a complete discharge. 

If the charge is at constant current the ampere-hour efficiency is 
likewise obtained readily by observing the time of a complete 
charge, for— 

, ^ . discharge current X time of discharge 

Ampere-hour efficiency = cunent x-time of ch^gl"’ 

When the charging current varies, e.g. in charging at constant 
P.D., it must be observed at frequent intervals. The area of the 



390 


Accumulators 


current-time curve then gives the total quantity of the charge (see 
Fig-13.13)- 

An alternative method is to place some form of ampere-hour 
meter in series with the cell and so obtain the ampere-hours of 
charge directly. 

To obtain the watt-hours with a constant current the voltage 
is observed at intervals, and the total volt-hours of charge or 
discharge obtained as in Fig. 13.13. Then— 

^ . discharge current X volt-hours of discharge 

Watt-hour efficiency = —r-——- Ti: -^ 

charge current x volt-hours of charge ' 

When the current varies, both it and the volts must be observed 
and the watt-hours obtained 
by plotting watts against time 
as above. 

In all cases it is advisable 
to take the mean values of a 
series of successive charges and 
discharges. This reduces the 
error due to the cyclic state 
not being quite attained. 

15. Tests of Internal Resistance 
The internal resistance of a 
cell at any time during charge 
or discharge can be obtained 
by means of an ammeter and 
voltmeter. The terminal P.D. 
Fig. 13.13 .—Quantity and Charg- charge or discharge 

iNG Current. current are noted. The circuit 

is then opened temporarily and 
the voltmeter reading taken again as soon as possible, this giving 
the ceU E.M.F. 

™ ^ 1 - X E.M.F. — terminal P.D. 

Ihen Internal resistance =--^— 

discharge current 

terminal P.D. — E.M.F. 
or „ „ _ , 

charge current 

Since the numerator in the above expressions is the difference of 
two nearly equal quantities, small errors in obtaining their values 
may make a large error in the value of the internal resistance (see 
Example). Consequently when accurate values are required other 
methods must be adopted. 
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The simplest of these is to use another cell on open circuit to 
balance the greater part of the voltages measured, and to use a 
millivoltmeter with a central zero [see Fig. 13.14 (5)]. A similar 
method is to obtain an adjustable balancing voltage by means of 
two cells and a slide wiie [see Fig. 13.14 (b)]. The balancing voltage 
may be adjusted to balance the terminal P.D. on closed circuit 
exactly, or to have a value intermediate between this and the E.M.F. 

Example .—The terminal P.D. of a cell when discharghig at 12 amperes is 
1-88 volts; on opening the circuit the voltage rises to 2-03 volts. What is the 
internal resistance of the cell? 

If there is a possible error of -02 volt in the readings (i.e. about i per cent.) 
what are the possible errors in the value of the internal resistance? 

The internal resistance = ^ ^ ' ohms = 0*0125 ohm. 



R Change of 7 ^ 
Current 



R _ Change of Fa 
Current 


Fig. 13.14.—Measurement of Internal Resistance of an Accumulator. 


With possible errors of *02 volt, 

Maxiihum possible internal resistance = ? ^ ^ 0*0158 ohm. 

If this is the true value the error is — -0033 ohm, 

X 100 per cent. = — 21 per cent. 

•0158 ^ ^ 

Similarly, 

Minimum possible internal resistance ' = 0*0092 ohm. 

If this is the true value the error is + *0033 ohm, 

or X 100 per cent. =36 per cent. 

■0092 ^ 

In each case the error expressed as a percentage of the calculated value is 
X 100 per cent. = 26 per cent. 

•0125 

The actual error is not likely to be more than a third of the above values, 
say about nine per cent, of the calculated value. 
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QUESTIONS ON CHAPTER XIII 

1. In what way does a secondary cell {i.e. an accumulator) differ from a 
primary cell, and what does it accumulate ? 

State its most important properties. 

Define its “ capacity,” and say upon what it depends. 

2. Define the “ quantity ” and “ energy ” efficiencies of an accumulator. 

Calculate these for an accumulator which is charged in 8 hours by 30 

amperes at an average P.D. of 2-2 volts, and is discharged in 9 hours by 24 
amperes at an average P.D. of 1*9 volts. 

3. State the various ways in which you can tell when an accumulator is 
fuUy charged, and when it is discharged down to a safe limit. 

4. How many cells would be required for a secondary battery of the 
ordinary lead type to supply 100 amperes for three hours to a 240-volt system ? 
If you were put in charge of such a battery and told to have it in readiness, 
how would you find out the state of the charge, and how would you charge it ? 

[C. & G., II. 

5. To what point should accumulators be discharged? What is the 

suitable density of the acid that should he used in them ? How would you 
test a set of accumulators to discover whether they were fully charged? 
What is the particular harm that results if accumulators are left long in a 
discharged state ? [C. & G., II. 

6. Describe the main chemical changes that occur in a lead accumulator 
during charge and discharge respectively. 

TOat are the relative advantages of “ formed ” and " pasted ” plates ? 

7. Describe in detail some modem accumulator. Why is there one more 
negative plate than there are positive ones ? 

Describe and explain the use of the insulators employed. 

8. Describe the actions taking place during charge and discharge of a 
secondary cell. 

What tests would be made on a secondary cell in order to determine its 
condition ? [Lend. Univ., El. Tech. 

9. What is the effect of using acid {a) stronger than normal, (6) weaker 
than normal ? 

How would you estimate the maximum current that can safely be taken 
from a given cell ? 

10. Describe, with sketches, one important type of lead storage cell 

suitable for heavy discharge work; and explain the chemical changes taking 
place in such a cell during “ charge,” ” chscharge,” and ” rest.” In what 
way, if any, are the E.M.F., life, internal resistance, capacity, and efficiency 
affected by the variations of the rate of charge and discharge, and by the 
specific gravity of the electrolyte ? [Xond. Univ., El. Eng. 

11. Describe some form of secondary cell, and explain the electrical and 

chemical changes that will take place during charge and discharge. How 
does the ampere-hour capacity of a cell vary with the rate of discharge ? 
What precautions are necessary to keep a secondary cell in good worldng 
order ? [C. & G., II. 

12. Discuss the advantages and disadvantages of iron-nickel cells for 
electromobiles. 

13. A storage cell has 13 plates each 25 cm. by 23 cm. The clearance 
between neighbouring plates is 12 mm. The resistivity of the acid is i-6 
ohm per cm. cube; find its resistance. 

\\diat factors make the internal resistance of the cell higher than this 
calculated resistance ? 

14. Describe how to test the resistance of a storage battery (a) during 
charge, (b) during discharge ? 



CHAPTER XIV 

LIGHTING AND ILLUMINATION 

1. Radiation 

Artificial lighting is nearly always done by means of incandescent 
bodies,, i.e. bodies raised to a high temperature. An exception is 
the electric discharge lamp, in which an electric cuirent is sent 
through a tube containing gas at low or high pressure. 

When the temperature of any body is raised above that of its 
surroundings it radiates energy in all directions. These radiations 
consist of waves in the ether travelling with a velocity of 3 x 10^*^ 
cm. {or 186,000 ml.) per sec. When the temperature of the radiating 
body is low the waves are long, and are then perceptible as warmth 
(rachant heat) but not as light. As the temperature rises shorter 
waves axe emitted, and when their wave-length has become under 
0*8 micron (i micron = one millionth of a metre = -ooi mm.) they 
produce the impression of red light. The longer (heat) waves are 
still emitted and are of increased intensity. At higher temperatures, 
stOl shorter waves are added and the light changes through bright 
red and yellow to white. Radiation down to a wave-length of 
036 micron is visible. Shorter waves are known as ultra-violet 
and produce no sensation of light in the eye, though they can affect 
a photographic plate. 

It can be proved that the best radiator {i.e the one that radiates 
most energy per unit area at a given temperature) is necessarily the 
best absorber, and vice versa. A body which absorbed all radiations 
which reached it would therefore be a perfect radiator. Such a 
body is called a perfectly black body. Since all bodies reflect some 
of the radiation which they receive, a perfectly black body does 
not exist. An exceedingly close approximation can be obtained for 
experimental purposes, however, by using an opaque tube closed at 
both ends, but with a small observation hole left in one end. 

2. Efi&ciency 

The radiant efficiency of a light-giving body is the ratio 
Energy radiated as light _ 

Total energy radiated 
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This is sometimes called the luminous efficiency, but the latter 
term is better reserved for the ratio 

Energy radiated as light 
Total energy supplied 

The denominator in this case includes losses by convection and 
by conduction, as well as by non-luminous radiations. 

As the temperature rises the radiant efficiency increases, since 
its numerator increases faster than its denominator. This continues 

to be true up to a tern- 
perature of about 6 000° C. 
Above this the maximum 
radiation is shifted so far 
into the ultra-violet region 
that the radiant efficiency is 
again diminished. However, 
since no solid illuminant 
approaches this tempera¬ 
ture, it is true in general 
that the higher the tempera¬ 
ture the greater the radiant 
efficiency. 

3. Selective Emission 
As has been mentioned 
above (Art, i) all actual 
bodies radiate less energy 
than they would if perfectly 
black. In most cases the 
amount of energy radiated 
at each wave-length is dim¬ 
inished in a constant ratio. 
When this is the case the 
radiant efficiency at any 
temperature is the same as that of a perfectly black body, since the 
numerator and denominator in the expression for efficiency are 
reduced in the same proportion. 

With certain substances, however, the energy radiated at some 
wave-lengths is reduced by a much smaller proportion than that 
radiated at others. Such substances are said to be selective radiators, 
or to possess selective emission. This is illustrated in Fig. 14.01. 
Curve A represents the connexion between energy and wave-length 



Wave~length {microns). 

Fig. 14.01 .—Radiation at Different 
Wave-lengths. 

LV = limit of visibility at violet end of 
spectrum, 

L'F' = limit of visibility at red end, 

OF = nltra-violet. F' 1 , 2 , 3 = infra-red. 
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of a substance whose radiation is normal. This hes everywhere 
below the curve for a perfectly black body by a constant percentage. 
The radiant efficiency is given by the ratio of the area of the curve 
between the limits of visibility to the area of the whole cur\’e. 
This efficiency is therefore, as stated above, the same for A as for 
the perfectly black body. 

B is a similar curve for an imaginary substance possessing strong 
selective emission. Its radiant efficiency is much higher than that 
of the perfectly black body, because the non-luminous radiations 
are diminished in a much greater ratio than the luminous ones. 
Such substances would be very suitable for light sources. Veiy 
few sohds, however, possess this property to any great degree, and 
the same apphes to Hquids. Tantalum and tungsten probably 
radiate selectively to a small extent, but this has httle effect on 
their radiant efficiency which depends almost entirely on the 
temperature at which they are run. 

With gases, on the other hand, selective emission is the rule, so 
that high efficiency is possible without a very high temperature. 
(See Chapter XV., Art. 14.) 

4. Candle-Power 

Light is a form of energy. It consists of that part of the energy 
radiated from a body which is capable of affecting human eyes. 

The quantity of light emitted per second by any source is known 
as the luminous flux or flux of light. Since this is the rate of 
emitting energy it is of the same nature as power (see Chapter II., 
Art. 4). 

A source may emit light in all directions, but it usually emits it 
more strongly in some directions than in others. This is expressed 
by saying that the intensity of the light is different in different 
directions. The intensity* (or luminous intensity) in any given 
direction is measured by taking a small soHd angle containing this 
direction and with the source at its apex, and dividing the luminous 
flux within it by the angle. This is the most important quantity 
in photometry [i.e. the measurement of light), for the intensities 
of two lights in any given directions can be compared directly. 
The unit is an arbitrary one, the candle (or candle-power). (See 
Arts. 7,8.) 

* This is not a good term, since intensity is generally used for some quan¬ 
tity per unit area. The luminous power would be preferable, but intensity is 
the term in general use. 
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The mean horizontal candle-power is the mean of the candle- 
powers in all directions in a horizontal plane through the centre of 
the source of light. 

The mean spherical candle-power is the mean of the candle- 
powers in all directions from the centre of the source. It is therefore 
equal to the candle-power of a source radiating the same total flux 
of light as the actual source, but with equal intensity in all directions. 

The mean hemispherical candle-power lower (or upper) is the 
mean of the candle-powers in all directions below (or above) the 
horizontal plane. 

One unit of luminous flux is the spherical candle-power, i.e. 
the total flux emitted by a point source giving one candle-power in 
every direction. 

A better unit is the flux emitted in unit solid angle* with one 
candle-power in every direction from the apex of the angle. This 
is called the lumen.* Evidently i spherical candle = lumens, 
since the surface area of a sphere of radius r is 477^1 

The units of quantity of light are the candle-hour and the lumen- 
hour. The former is the light emitted by a source of one mean 
spherical candle-power {i,e. emitting unit flux) in one hour. Simi¬ 
larly, the lumen-hour is the light emitted when a flux of one lumen 
continues for one hour. 

5. Illumination and Brightness 

The illumination of a surface is the luminous flux received by it 
divided by its area. The unit is that produced by a source of one 
candle-power on a surface at unit distance from the source and 
perpendicular to the rays of light. In the British system the unit 
distance is one foot, and the unit of illumination is called the foot- 
candle. In the international system the unit distance is a metre 
and the unit of illumination is called the metre-candle or the lux. 

The brightness (or intrinsic brightness) is the candle-power 
emitted per unit area of a source of light, in a direction normal to its 
surface. It is applied both to primary sources of light (lamps) and 
to illuminated surfaces which reflect more or less of the light falling 
upon them. In the former case a high intrinsic brightness is 
harmful to the eyes if the lamp can be seen directly. In the case 
of illuminated surfaces the brightness depends on the illumination, 
and on the nature of the surface. 

* Unit solid angle is one which subtends unit area on a sphere of unit 
radius: the unit of length employed makes no difference in the resulting unit 
solid angle. It is sometimes called the “ steradian.” 
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6. Laws of Illumiaation 

In the case of light coming from a pohit source the illumination 
of a surface is inversely proportional to the square of its distance 
from the source. This law assumes that none of the light is 
absorbed or refracted (bent aside) in passing over the extra distance. 

Further, when the surface is inclined so that the rays are not 
normal to the surface but make an angle a with the normal, the 
illumination is reduced in the ratio of cos a to i. 

These laws are strictly true only for light coming from a point. 
But as long as the distance of the illuminated surface from the 
light-giving body is large compared with the size of the body, the 
laws are sufficiently close approximations. 

With a parallel beam of light the cosine law is true, but the 
illumination is independent of the distance, excepting the diminution 
due to absorption on the way. 

With most light-giving surfaces a similar law holds good as to 
the light which they give out agaia. Namely, that the flux of light 
given out normally by a particular portion of an illuminated surface 
is greater than the fliux in a direction making an angle a with the 
normal in the ratio of i to cos a. 

This law does not hold good universally; a pohshed surface 
reflecting the light from another source is an evident exception. 
It is true for most primary sources and for many secondary ones. 
For most matt surfaces the departures from the exact relationship 
are about 5 per cent, to 10 per cent. 

Often these cosine laws are called Lambert's Law: but strictly 
the name should be applied only to the first of them. 

7. British Standards of Candle-Power 

The British standard candle is one of pure spermaceti wax, of 
size 6 {i.e. 6 to the pound) burning 120 grains an hour. It is no 
longer used as a standard except occasionally for gas photometry. 
Its place has been taken by the pentane lamp. Standard lamps of 
two candle-power are used sometimes, but the official standard of 
the British National Physical Laboratory is the Vernon-Harcourt 
ten-candle-power pentane lamp. 

This is shown in Fig. 14,02. It bums a mixture of air and pen¬ 
tane vapour. Pentane (CjHjg), a volatile liquid, is poured into the 
tank till it is half full, as can be seen by looking through the windows 
provided at each end of the tank. The air in contact with the pen¬ 
tane becomes impregnated with its vapour and descends the rubber 
tube to the burner. This is made of steatite (soapstone) and is of 
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PENTANE 



Fig. 14.02 .—Harcourt Pentane Standard Lamp. 


B, Burner (perforated ring). C, Cross-bar on mica window. D, Draught shield for 
flame. E, Plumb bob for adjusting position. P, Flame. L L, Levelling screws. 
M, Mica window. P, Pentane vapour supply pipe. S, Clamping screw for adjusting 
height. T T, Regulating taps. -> Paths of air supply for centre of flame. Paths 

of air supply for outside of flame. Path of products of combustion.. 
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the Argand type. The air supply to the centre of the flame is 
heated by the products of combustion (see Fig. 14,02). The height 
of the flame is regu¬ 
lated by the two taps 
on the tank, until the 
top of the flame is be¬ 
tween the cross-bar 
and the top of the 
mica window in the 
metal chimney. The 
intensity of the lamp 
in a horizontal 
direction is then lo 
International candle- 
power. A blackened 
metal shield with an 
opening only in one 
direction protects the 
flame from draughts. 

The candle-power 
is afiected both by 
the atmospheric pres¬ 
sure and by the 
humidity of the air. 

The following equa¬ 
tion has been found to apply within the ranges of variation of 
these experienced in practice. 

Candle-power = lo -f *066 (10 — h) — -ooS (760 — h), 
where h == humidity in litres per cubic metre of dry air, 
h = height of barometer in mm. of mercury. 

The standard conditions are a barometric height of 760 mm. 
and 10 litres of water per cubic metre of air. 

8. Other Standards of Candle-Power 

The German standard is the Hefner lamp, which is of very simple 
construction (see Fig. 14.03). It bums amyl acetate by means of a 
wick (W) of loosely twisted cotton threads, whose height can be 
regulated by two toothed wheels (B, B) which are geared together. 
These are adjusted till the top of the flame is 40 mm. above the top 
of the gun-metal tube (8 mm. internal and 8*3 mm. external 
diam.) up which the wick passes. This adjustment is facilitated by 


FLAME GAUGE 



A A, Worm wheels gearing with right- and left-handed 
worms on wick adinster, 

B B, Wheels, on same axles as AA, to grip wick. W, Wick. 
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means of a small reading microscope with a cross line, held at the 
correct height by an arm attached to the lamp. When properly 
adjusted the intensity in a horizontal direction is taken as 0*9 
candle-power. 

The Hefner lamp is simpler in construction and in use than the 
pentane lamp. It has, however, the disadvantages of a low candle- 
power, and of a colour which is too orange in tone for easy comparison 
with most electric lamps. 

The French standard is the Carcel lamp burning colza oil. It 
is of 9| candle-power. It is now little used. 

The equivalent values adopted internationally in 1911 were:— 

I pentane candle = i • International candle 
I Hefner — 0*901 „ „ 

and I Carcel candle = 0*966 „ 

or I International candle = i*iio Hefner = 1*035 Carcel candles. 

Since 1933 the International candle has been used in all countries. 

All these flame standards are liable to errors through variations 
in atmospheric conditions or in the composition of the fuel used as 
well as through inaccuracies in construction. The VioUe unit was 
suggested so as to overcome these sources of error. It is the 
luminous intensity of i sq. cm. of pure molten platinum at its 
solidification point. It is of little practical use owing to the 
difficulty of working with it. Its value is 20 International candle- 
power. One-twentieth of its candle-power is called the Bougie 
Decimale, which is equal to one International candle-power. 

9. Secondary Standards 

For electric lamp testing it is much more convenient to use an 
electric lamp as a standard than to employ a flame standard. The 
lamp thus used has its candle-power in a particular direction 
determined by careful comparison with the pentane standard; it is 
therefore a secondary standard. This secondary standard is then 
used to determine the candle-power of one or more working 
standards. The latter are used as standards during tests, and are 
re-calibrated at intervals by comparison with the secondary 
standard. This therefore gets comparatively little use, and so 
need be checked against the primary standard only at comparatively 
long intervals. 

The usual type of secondary standard is the Fleming large bulb 
incandescent lamp. This consists of a single-loop carbon filament, 
mounted in a large cylindrical bulb 4 in. diam. and 8 in. long. The 
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filament is “ aged ” by being used in an ordinary bulb until the 
initial rise of C.P. (see Chapter XV., Art. 8) is over. It is then 
transferred to the large bulb, in which blackening of the glass takes 
place much less rapidly than in one of the ordinary size; therefore 
the candle-power changes very slowly. Since the secondary 
standard is used only occasionally and for a few minutes at a time, 
as described above, such a lamp may be used as a reference standard 
for a long time. The cyhndrical shape of the bulb makes errors in 
setting it to the height of the photometer head cause less change in 
illumination than would a bulb of ordinary shape. 

The International candle is maintained by the National 
Standardising Laboratories of France, Great Britain, and the 
United States of America, by means of electric incandescent lamps. 


10. Photometry 

Photometers are instruments used for the comparison of the 
candle-powers of two sources in definite directions. If one of these 
is a standard of known intensity, that of the other can then be 
expressed in candles. 

In their use two similar surfaces are used, each illuminated by 
one only of the sources, and the illuminations are adjusted till the 
surfaces are of equal brightness. The rays from the two sources 
are either normal to their respective surfaces or both make the 
same angle with the normals. Then, since the surfaces are similar 
and equally bright, they must be equally illuminated. But, by 

C.P. 

Art. 6 the illumination of a surface is equal to cos a, 


where 


C.P. = candle-power of the source, 
d — distance of source from surface, 


a = angle between rays and normal to surface; 
C.P. 

• cos a = cos a, 

4 “ 


where the suf&xes 1,0, refer to the two sources respectively; 


or the candle-powers of the sources are directly proportional to the 
squares of their distances from the respective sources. 

It is advisable that the two surfaces should be adjacent or should 
be made to appear so. It is much easier to judge whether they are 
equally bright in such a case than if they were a distance apart. 


E. E., VOL. I. 
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It is preferable that the directions from v^ich they are viewed 
should make the same angles with the normals to the surfaces. 
Otherwise the accuracy depends on the truth of the cosine law for 
hght-giving surfaces (Art. 6). 

Two methods are used for adjusting the illuminations on the 
surfaces. In one the photometer is stationary, and one or both of 
the lamps are moved to or from it as required. In the other the 
lamps are fixed, and the photometer is placed between them: its 
movement then increases the illumination on one side and decreases 
it on the other. 

The inverse square law of iHummation is strictly true only for 
point sources. As long as the dimensions of the source are small 
compared with the distances from it, the law remains sufficiently 
accurate for use as above. 



Fig. i4.04.~Rumford Fig. 14.05.—Plan of “Wedge*' 

Photometer. Photometer. 

II. Photometers 

The Rumford shadow photometer consists of an opaque white 
screen with a vertical rod a short distance in front of it (see Fig. 
14.04). The Mghts under test are arranged so that they throw 
separate shadows of the rod on the screen. One or both of the 
lamps is then moved until the shadows appear equally dark. The 
candle-powers of the lamps are then proportional to the squares of 
their distances from the screen. This is true because the shadow 
thrown by each lamp is illuminated by the other lamp only, while 
the rest of the screen is illuminated by both. Therefore equal 
darkness of the shadows means that the lamps are producing equal 
illuminations on the screen. 

Good results can be obtained with this photometer after practice, 
but it requires more practice than some other forms. 

The wedge photometer consists of a blunt wedge (about 70°) 
covered with dull white paper or some other substance with a 
similar surface. It is placed between the lamps to be compared 



Photometers 


403 


and is viewed from a direction at right angles to the line joining the 
lamps (see Fig. 14.05). The wedge is moved until its edge disap¬ 
pears owing to the two sides becoming equally bright. Means are 
provided for ensuring that the sides of the wedge make equal angles 
with the direction of view and with the rays from the respective 


MIRRORS/, 



lamps. 

Bunsen’s grease-spot photometer depends on the fact that a grease 
spot on paper appears darker than the paper when illuminated 
from in front, but is brighter than the paper when illuminated 
from behind. Consequently when equally illuminated on both sides 
it will vanish, or at least appear equally bright from either side. 
The photometer consists of a 
sheet of white paper with a 
circular or star-shaped grease 
spot at its centre (or else the 
whole of the paper is greased 
except the central spot). 

Mirrors are provided so that 
on looking in a direction paral¬ 
lel to the paper (see Fig. 14.06) 
both sides of it can be seen at 
once. The photometer or the 
lamps are then moved till the 
spot disappears or shows up 
equally clearly on both sides. 

One disadvantage of this 
photometer is that the two 
images of the spot are some 
distance apart. This has been 
remedied in some of the later 
forms by means of more compHcated arrangements for reflectmg 

the two sides of the paper. ., , r rc 

The Elster photometer consists of two blocks of paramn w^x 
separated by a thin opaque sheet. This is moved between the 
stmdard and test lamps till the two blocks appear_ equally bright 
when viewed in a direction at right angles to the line jouimg the kmps. 

The Joly photometer is the same with the opaque sheet omitted, 
and it is used in the same way. 


Fig. 


TO LAMP 
UNDER TEST 


direction of 
VIEWING 

14.06—Plan of Bunsen 
Photometer. 


a a, Paper disc with grease spot, 
bi Images of grease spot. 


12 The Lummer-Brodhun Photometer 
'xhis is shown in Fig. 14.07- K consists of an opaque white 
screen, two totally reflecting prisms, and a special double prism. 
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Fig. 14.07.— Lummer-Brodhtjn 
Photometer. 


DD, Double prism, 
microscope, 
reflecting prisms. 


M, Observing 
P P, Eight-angled 
S, Screen. 


reflected into the double prisms. 


ffioM STANDARD s MiiTors are used instead of the 

--UNgl]lST 

^ /alcV^—^- patterns. The double prism con- 

\\ sists of two right-angled prisms 

/ / \\ placed base to base. One of these 

(the left-hand one in the diagram) 
has part of its base slightly ground 
down, leaving the rest in optical 
contact with the other. 

The rays from the left side of 
the screen are reflected into the 
double prism. Those which fall 
. ... _ on the parts in optical contact 

pass on into the observing micro- 
Fig. 14.07.— Lummer-Brodhtjn scope, while those which fall on 

Photometer. the ground portions are dispersed 

D D, Double prism. M. Observing and SO do not reach the eye. 

The rays from the right-hand 
side of the screen are similarly 
reflected into the double prisms. But in this case those which fall 
on the parts in optical contact and pass on do not reach the eye; 
whereas those which fall on the base opposite the ground portions 
are totally reflected and pass into the observing microscope. Thus 
images of portions of both sides of the screen are seen absolutely 
contiguous and with no overlapping. These 
are the most favourable conditions for com- 
paring the brightnesses of the two. V W ) 

In the usual pattern the left-hand prism 
has a central circular portion in optical contact 
with the right-hand one, and the surrounding 
portions ground down. The apparance ^ m 

the images is then as shown in Fig. 14.08 {a) 
and ( 5 ). By modifying the prisms the “ con- (p) (d) 

trast pattern is obtained. The appearance Images 

is then as shown in Fig. 14.08 (c) and (d). seen in Lummer- 

When balance is obtained the trapezoidal Brodhun Photo- 

patches are slightly darker than the rest of meter. 

+hp fipld (d> Ordinary pattern, 

me neiu. brighter. 

With the latter pattern more accurate work (j) ordinary pattern, 
is possible, especiaUy with differently coloured 
lights. brighter. 

This photometer is expensive owing to the rigb't siL brigSi 


Fig. 14.08 .—Images 
seen in Lummer- 
Brodhun Photo- 
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accurate manufacture required, but it is very accurate, even in 
inexperienced hands. 

With all the above photometers, except Rumford’s, readings 
should be taken with the instrument reversed, so as to eliminate 
errors due to differences between the two sides of the screen or 
between the mirrors or prisms. 

It is helpful in getting the point of balance to move the photo¬ 
meter (or lamp) backwards and forwards across this point, instead of 
attempting to move it to the point of balance without such oscillations. 

13. Flicker Photometer 

When there is considerable difference between the colours of the 
lights compared, it is difficult to determine the point of balance with 
the ordinary types of photometer. Those of the flicker type diminish 
this difficulty. Their principle is to show the surfaces illuminated 



A A, Axis of disc, B B, B' B', Axes of cones forming surface. 


by the two lamps alternately, instead of simultaneously. As long 
as they are unequally bright this wiU produce a flickering effect, 
which disappears when the brightnesses become equal. 

Fig. 14.09 shows the disc of the Simmance-Abady flicker photo¬ 
meter in four positions a quarter of a turn apart. The edges of 
this disc are portions of the surfaces of two cones with axes parallel 
to that of the disc, and at equal distances from it on opposite sides. 
Each curved surface is illuminated by one only of the lamps under 
comparison. The disc is rotated by clockwork and a portion of its 
edge is viewed through a microscope. The illuminations are then 
adjusted in the usual way till the flicker disappears or becomes a 
minimum. 


14. Illumination Photometers 

In indoor lighting the effect of reflexion is usually very consider¬ 
able (see Art. 22). It therefore becomes a difficult, if not impossible, 
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matter to calculate the illumination on any particular surface. 
Illumination j)hoiometers enable this quantity to be measured 

directly. 

Their general principle is to 
compare the brightness of 
white matt surface placed in the 
required position with the bright¬ 
ness of a similar surface with a 
variable known amount of illu¬ 
mination. 

Fig. 14.10 shows the Trotter 
illumination photometer. 

An adjustable screen is illu¬ 
minated by reflexion from a 
low-voltage lamp. The screen is 
viewed through three star-shaped 
holes in a sheet of cardboard 
placed at the top of the instru¬ 
ment. The illumination of the 
screen is adjusted by altering its inclination until it appears 
of the same brightness as the cardboard. The illumination of 
the latter is then read on the scale over which the actuating 
handle moves. The hnkwork is proportioned so as to give a 
fairly uniform scale. The current for the lamp is provided by 
a few small accumulators, and a resistance and a voltmeter are 
used to ensure a fixed voltage across the lamp. 

An alternative 
form utilises a 
'‘photo-electric 
cell.” This is usually 
a very thin semi¬ 
transparent layer of 
gold or platinum on 
a selenium base. 

When light falls on 
one of these, con¬ 
nected to an indi¬ 
cator actuated by 
small currents, the 
amount of current 
produced is nearly proportional to the illumination. The instru¬ 
ment scale can be marked in foot-candles. One pattern gives a 


210 * 240 ' 270 ' 300 ’ 330 * 



Fig. 14.11 .—Polar Horizontal Distribution 
Curve of Nernst Filament. 



Fig. 14.10 -—^Trotter Illumination 
Photometer. 

C, Cardboard diaphragm -with 3 star¬ 
shaped holes in it. G, Guide. H, 
Handle. L, Lamp. M N, Eod 
hinged at each end. N P Q R, Rigid 

rod hinged at P and N. R, Roller. 
S, Screen. 
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scale up to 2*5 foot-candies with a current of about 75 micro¬ 
amperes. By shunting the indicator (and adding resistance in 
series) other higher scales can be provided. 

15. Determination of Mean Horizontal Candle-Power 

The mean horizontal candle-power can be determined by 
turning the lamp about a vertical axis and measuring the candle- 
power in a number of directions at equal angular intervals, e.g. 
every 15°. The results are best exhibited on a polar diagram (see 
Fig. 14.11). Lines are drawn radially from a central point in 
directions corresponding to those along which the candle-power has 
been measured. Along each line a distance is marked proportional 
to the candle-power in that direction. The points thus obtained 



Fig. 14.12 .—Rectangular Curve of Light Distribution. 


are joined together and form the horizontal distribution curve of 
the lamp. 

In most cases the candle-power is nearly the same in all hori¬ 
zontal directions. The distribution curve then approximates to a 
circle, and the mean horizontal candle-power (M.H.C.P.) can be 
obtained by taking the arithmetic mean of the measured values. 
When the values vary greatly this method is not accurate enough. 
A better method is to plot the horizontal distribution with rect¬ 
angular co-ordinates (see Fig. 14.12) and determine the mean height* 
of the curve obtained. This mean height is the M.H.C.P. 

TotSil 3TQ3> 

Mean height ■ - — The area can be obtained by a plammeter. 

or by any of the usual approximate methods. 
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A method by which the M.H.C.P. can be determined by a single 
measurement is to use a “ lamp spinner.” This rotates the lamp 
about a vertical axis at about 200 r.p.m., and, owing to persistence 
of vision, the apparent illumination of the photometer screen is the 
same as it would be with a stationary lamp of intensity equal to 
the M.H.C.P. The cost of the spinner is rather high, as it requires 
a motor to rotate the lamp, and sliding contacts to supply the lamp 
with current. 


16. Mean Spherical Candle-Power 

The determination of the mean spherical candle-power (M.S.C.P.) 
requires a knowledge of the candle-power in every direction. It is 
usually sufficient to determine the C.P. in a suitable number of 



Fig. 14.13. — Mean 
Vertical Distri¬ 
bution Curve of 
Arc. 



Fig. 14.14 -Mean Spherical Candle- 
Power. 

L P = M Q = c-p. in direction 0 B. 

L H = C D cos 9 = height of zone. 

L P Q M represents the luminous flux onto the 
zone 0 D P E. 


directions in each of two planes at right angles. The mean of the 
four values for corresponding directions {i.e. those making the 
same angle with the horizonti plane, two in each vertical plane) 
is then plotted in this direction, and a polar diagram of mean vertical 
distribution thus obtained. 

It would be quite inaccurate to take the mean of the values in 
the various directions as the M.S.C.P. For if all the rays of light 

making angles between ^ and ^ below (or above) the 

horizontal (see Fig. 14.14) are considered they will be seen to 
illuminate a certain zone on a sphere described with the lamp as 
centre. The width of this zone is ra., where v is the radius of the 
sphere. But its area is Zttt x height of zone = 277/ x ra, cos Q 
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approx. = 2'nr^a cos 6 . Thus if a number of zones subtending 
equal angles (a) at the centre of the sphere are taken, they diminish 
in area as they get further from the horizontal plane, whether below 
or above. 

In obtaining the mean value, the intensities on the various zones 
must be given weight according to the areas of the zones, i.e, the 
intensities in directions near the horizontal must be given more 
weight than those further from it. One method of doing this is by 
Rousseau’s construction. 


17. Rousseau’s Construction 


Let ABCD be the curve of mean vertical distribution of a lamp 
(a carbon filament one in the example, Fig. 14.15), 0 being the pole 
of the diagram. With 0 as 
centre describe a semicircle 
of any convenient radius on 
a vertical diameter. Draw 
LM parallel and equal to this 
vertical diameter. To find 
the point on the Rousseau 
curve corresponding to any 
point {e.g. C) on the distri¬ 
bution curve, 

Produce OC to meet the 
semicircle in E. 

Draw EN ± to LM and 
produce it to P, making 
NP = OC. 



M S 

Fig. 14.15 —Rousseau’s Construction. 


Then P is the required point. 

This is repeated for a suitable number of points on the distribu¬ 
tion curve, usually for each of those obtained by direct measurement. 
The points are joined to form the Rousseau curve, SPQ. The mean 
1 , , j f AreaofSPQLMx . 

breadth between this curve and LM Length of LM ~ J 

M.S.C.P. on the same scale as the vertical distribution curve. 

It can be seen by referring back to Fig. 14.14 that the portion 
of the area SPQLM corresponding to any particular narrow zone 
is a strip whose width is equal to the height of the zone and is 
therefore proportional to its area, while the height of the strip gives 
the mean intensity over the zone. Thus each intensity receives its 
proper weight in obtaining the mean spherical intensity. 
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The mean hemispherical candle-power (M.H.S.C.P.) can be 
obtained by carrying out Rousseau’s construction for directions 
below or above the horizontal only, according as the lower or upper 
hemispherical candle-power is wanted. Thus in Tig. i 4 -i 5 


i8. Other Methods for M.S.C.P. 

To avoid the trouble of carrying out Rousseau’s construction 
and the need for a planimeter for measuring the area other methods 

have been introduced. 

In one of these, instead 
of measuring the intensity 
at equal angular intervals 
in the vertical plane, the 
measurements are made at 
such intervals that the corre¬ 
sponding zones are of equal 
area.* For instance, if 12 
measurements in a vertical 
plane are to be made the 
sphere is divided into six 
zones of equal height and 
therefore of equal area (see 
Fig. 14.16). 

Instead of measuring the 
intensity at every 30° it is 
measured in directions going 
to the lines which bisect the 
areas of these zones, i.e. 
which lie midway in height 
between the top and bottom of the zones. In this case these 
directions measured from a line vertically upwards are 33*6°, 60®, 
8 o' 4®, 99*6°, 120°, and 146*4®, and the same on the other side. 

The M.S.C.P. is then obtained simply by taking the mean of the 
measured candle-powers. 

Another construction is that due to Kennelly. Let ABCD be 
the vertical distribution curve (see Fig. 14.17). In the example 
measurements are supposed to be taken every 30®. Mark the 
intensities at the mid-zones, 0 ^, Os, etc. [i.e. 15®, 45°, 75®, and 



Zones of Equal Area. 

A B is divided into six equal parts at C, D, 0, 
E and P. These are bisected at G, H, 
etc. Then 0 P, 0 Q, etc., are the directions 
in which the c.p. is measured. 


* A. Russell, Journal I.E.E., Vol. XXXII., p. 631. 
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— 45 °» ~ 75 °)- With centre 0 and radius Or describe an 
arc hra, starting at the horizontal line OB and extending over 30°. 
Measure ab along aO equal to Os (the intensity at 45°). With 
centre b radius ba describe an arc ac extending over 30®; i.e. be is 
parallel to the 60° radius. Measure cd, equal to 0 / along cb. With 
centre d radius dc describe an arc ce extending over 30®. Project 
h and a to H and Q on any convenient vertical line. Then HQ 
represents the M.H.S.C.P. (upper) to the same scale as the 
original polar curve. 

Repeat the construc¬ 
tion below the hori¬ 
zontal, obtaining the 
curve h'r'a'c'e', and Q' 
the projection of e'. 

Then HQ' represents 
the M.H.S.C.P. (lower). 

Thus half QQ' represents 
the M.S.C.P. 

Moreover, by pro¬ 
jecting the intermechate 
points a, c, etc., QQ' is 
divided into lengths 
proportional to the total 
flux in the correspond¬ 
ing zones. 

19. The Globe Photo¬ 
meter 

A third method is 
the use of the Ulbricht 
Globe Photometer. This 
consists of a hollow 
sphere about a metre in diameter, whitened on the inside, in which 
the lamp is placed. It can be shown that the illumination of 
every part of this due to reflexion (i.e, omitting that due to the 
direct rays from the lamp) is the same, and therefore depends only 
on the M.S.C.P. of the lamp and on the reflecting power of the surface. 

A milk-glass window 5 cm. diameter in the side of the sphere, 
shielded from the direct rays of the lamp by an opaque screen, has its 
brightness measured; this is proportional to the M.S.C.P. of the 
lamp. The photometer is calibrated by using in it a lamp whose 
M.S.C.P. has been determined carefully by other methods. 
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Often for ease of construction the sphere is replaced by a cube 
with the interior angles rounded off. Suitable sizes for such Cube 
Photometers are 28 in. for tungsten lamps up to 200 watts, 40 in. 
up to 500 watts, and 50 in. up to 1000 watts. For testing complete 
fittings still larger cubes are required. 


20, Reduction Factor 

The reduction factor (spherical) of a lamp is the factor by which 
the M.H.C.P. must be multiplied to obtain the M.S.C.P., i.e. it is 
M.S C.P. 

the ratio In most incandescent lamps this is less than 

M.H.C.P. ^ 

unity (about o*8), hence the name reduction factor. It is approxi¬ 
mately constant for lamps of a given type, i.e. with their filaments 
arranged in a certain way. Therefore in testing a batch of similar 
lamps it is sufficient to obtain the 
reduction factor of one or two of them. 
This is then used to obtain the M.S.C.P. 
^ of the rest from measurements of their 
M.H.C.P. 

Y Further, if lamps are rated on 
their M.H.C.P. a knowledge of the 
^ respective reduction factors is neces- 
^ sary to obtain a fair comparison of 
different types. 

The increasing use of cube (or 
Fig. 14.18.-SECT10N OF XJl- photometers has reduced the 

BRIGHT Globe Photometee. rating on K.H.C.P. The 

standard British method of rating is 
to state this in lumens emitted. These are simply 12*57 X M.S.C.P. 
(see Art. 4), but has the advantage of not using “candle-power’' 
for both intensity and total flux. 


21. Arc and Projector Lamps Photometry 

In obtaining the vertical distribution curve for a filament 
lamp, the lamp can be placed horizontally {i.e. at right angles to its 
normal position), and then rotated about a vertical axis to obtain 
the C.P. in the required directions. With arc lamps this cannot be 
done, because they vdll not bum properly, if at all, in the horizontal 
position. The same considerations apply to projection lamps, which 
are designed for use in a certain position: in testing a complete 
fitting, the procedure for arcs is more convenient than that for 
filament lamps. 



Arc Photometry 


One method of overcoming this difficulty is to fix the photo¬ 
meter in a position making the required angle with the lamp, which 
is suspended in its normal position. Balance is then obtained by 
moving the lamp used as a standard. The photometer screen must 
be set so as to bisect the angle between the 
rays from the lamp and from the standard. 

This equalises the effects of the rays falling 
obliquely on the screen instead of normally. 

Different directions can be obtained by 
raising or lowering the lamp under test, or 
by moving the photometer horizontally. 

The disadvantages of this method are 
that it cannot be applied when the standard 
lamp is fixed, a very usual arrangement; 
and that the distance between the arc and 
the photometer must be measured for each 
direction of measurement. 

A method which overcomes the first of 
these objections is to use a mirror. This 
(see Fig. 14.19) can be rotated about a horizontal axis in line 
with the photometer screen and standard lamp, and making an 
angle of 45® with the mirror. The arc lamp can be raised or lowered 
over a point such as A, and the mirror is turned correspondingly 
so as to reflect the light on to the photometer screen. The 
distance still requires measuring or calculating for each position. 
The loss due to the mirror must be determined, but is a constant 
percentage since the angle between the mirror and the fight 
rays is constant. 

By using two or more mirrors the need for measuring the 

distance each time can be 
avoided, and at the same time 
the arc lamp may be kept in 
a fixed position. The simplest 
method is shown in Fig. 14.20. 
The arc is fixed at A in line 
Fig. 14.20 .—Pair of Mirrors for with the photometer and 
Arc Photometry. standard. Two mirrors, L, M, 

are fi-xed to a frame, w^hich 
is rotated about an axis in the same fine. The effect is the same 
as if the arc were a constant distance (AM -}- ML) to the right 
of L, but could be tilted in any direction. The loss due to the two 
mirrors is a constant percentage, as in the pre\dous method. 




Fig. 14.19 .—Mirror FOR 
Arc Photometry. 


B, Beating (fixed). 00. 
Shaft carrying the mirror 
MM. 
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22. Reflexion of Light 

The use of reflectors or shades of any sort on a lamp cannot 
increase the total flux of light, i.e. they cannot increase the M.S.C.P. 
In fact, they must diminish it to some extent, since no shades are 
perfectly non-absorbent. They can, however, alter the distribution 
very greatly, and so may increase the illumination to a large extent 
where it is required particularly. This is especially the case when 
illumination is wanted chiefly on a comparatively small area below 
the lamp. An example is shown in Fig. 14.21. The candle-power 
is increased greatly for all directions 
near to the vertically downwards, and 
is decreased by a less amount for direc¬ 
tions near to the horizontal. The 
M.S.C.P. is somewhat diminished, as 
can be tested by obtaining its values 
from the two curves. 

In interior hghting the effect of 
reflexion from ceilings, walls, etc., is 
to increase the average illumination, 
often very considerably. The amount 
of this increase depends on the reflect¬ 
ing powers of the ceiling and walls and, 
to a less degree, of the various objects 
in the room. For instance, if on the 
average half the light coming directly 
from the lamps is reflected, the average 
illumination will be increased by 50 per 
cent. 

The effect will, as a rule, be. least 
on surfaces receiving the greatest direct 
illumination, while some which receive 
none directly will receive some by 
reflexion; on the whole, therefore, the 
illumination is made more uniform. Moreover, the reflected hght is 
reflected again and again, so that if the reflecting power of J holds 
throughout the total efect is an increase of 100 per cent, in the 
average illumination. The candle-power required to light a given 
room satisfactorily therefore depends largely on the colours of the 
ceding and of the walls. 

The effects of these can be expressed by means of the Utilisation 
Efficiency. This is the percentage of the light emitted by the lamps 
which reaches the worldng plane. Its value depends partly on the 



Fig. 14.21 .—Effect of Shade 
ON Distribution of Light. 

-Without shade. 

-With Holophane focusing 

shade. 
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reflectors used and the height and spacing of the lighting units, 
and partly on the lightness of ceilings, walls, and contents of the 
room. With good reflectors suitably arranged the value varies- 
between 55 per cent, with very dark walls and ceiling, to 80 per 
cent, when these are very light. With poor reflectors, bad arrange¬ 
ment, and dark walls and ceiling, the value may fall to 30 per cent. 

Example i. Calculate the lumens required to give an average illumination 
of 6 foot-candles in a room 20 ft. by 40 ft. with utilisation efficiency of 60 per cent. 
Supply voltage 230. 

Lumens required on working plane = 6 X 20 x 40 
= 4800; 

lumens required from lamps = 4800 x (100/60) 

= 8000. 

A reference to B.S.S. No. 161 shows that this could be given either by {a) 
two 300-watt lamps, with an excess of 18 per cent, to allow for light deprecia¬ 
tion; or by {&) eight loo-watt lamps, with an excess of 21 per cent. 

Since the room’s length is twice its breadth, either of these numbers of 
fittings will permit uniform spacing. 

For outside lighting the effect of reflexion is confined practically 
to that of the lamps’ reflectors. Hence the light thrown in direc¬ 
tions above the vertical plane is wasted almost entirely. This is 
the reason for the frequent use of the M.H.S.C.P. in the case of arc 
lamps. It forms a fair comparison only when the use of reflectors 
to concentrate the hght in the lower hemisphere is included in 
obtaining the value of the M.H.S.C.P. 

23. The Illumination on a Horizontal Plane 

This is required frequently both in street lighting and in the 
lighting of interiors. The illumination due to a single lamp can be 
determined from the laws of illumination if its vertical distribution 
curve is known (see further Example below). The illumination due 
to a number of lamps is the sum of the illuminations due to each 
separately. 

Example 2. Draw a curve showing the Uhtminalior. produced by a lamp giving 
16 C.P. in every direction, along a horizontal line 6 ft. long starting from a 
point 8 ft. vertically below the lamp. 

The illumination vertically below the lamp is 
^ = 0'25 foot-candle. 

o" 

This and the values for other points are plotted in Fig. 14.22, which also 
shows how the other values are obtained. 

L is the position of the lamp, 8 ft. vertically above M. To find the 
illumination at any point P, level with M. 
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Join LP and draw PQ vertically. 

The iUumination at P is cos L (Art. 6), 

Measure LP on the scale of feet, and calculate the value of-^-3. 

Mark off PR along PL, making PR = foot-candle scale. 

Draw RS horizontally, cutting PQ at S.. 

Then PS = PR cos L QRL = cos QPL. 

Thus PS represents the illumination at P. 



Fig. 14.22.—Horizontal Illumination due to r6 c.p. Lamp. 

L M = 8 ft. on same scale as L P, etc. 

By finding a number of points in this way and joining them the required 
curve of illumination is obtained. 

N.B.—The whole of the above can be done graphically in the following 
way: At any point, such as N (Fig. 14.22), mark off along NL a distance 
NV = 0-25 foot-candle, i.e. the illumination at the point vertically below the 
lamp. (If the candle-power in the direction LN differs from that in the 
vertical direction the length of NV must be changed in proportion.) 

Let W be the horizontal projection of V on the vertical through N, 

Mark off along NL a distance NX = NW. 

Let Y be the horizontal projection of X on NW. 

Mark off along NL a distance NZ = NY, 
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Then NZ 


^ (LN)= 


on ft.-candle scale,* and the construction can be 


completed as above by projecting Z horizontally to A. 

NY NW LN . NY 


* Because = 


NZ 


NX NV ” LN' 

= NY=Nv(“r = -^ 
Vln; {lm)2 


NV 


= 

\ln) ’ 

/my _ 

\LN/ ~LN'- 


QUESTIONS ON CHAPTER XIV 

1. Upon what does the illumination at any point of a surface by a single 
light depend ? 

2. Draw a curve sho-wing the illumination on a horizontal plane given 
by a 50 C.P. lamp 5 ft. above it, along a line extending S ft. from the point 
immediately below the lamp. 

3. Describe, with a sketch, the pentane standard of light, pointing out 
its special advantages. 

4. Describe some form of flame standard, pointing out its advantages or 
otherwise. 

5. What are the advantages of a large bulb incandescent lamp as a 
secondary standard for electrical photometry ? 

6. If the distance between the standard and the test lamps is 4 m., 
calculate the distances from the centre at which the figures I’l, 1*2, 1*3, 
1-4, 1-5, 175, and 2 should be placed on a photometer bar, and show the 
results in a diagram to scale. 

7. Describe a reliable form of photometer, and the method of using it to 
obtain the candle-power of a lamp. 

8. What are meant by the terms “ spherical candle-power ’* and " hemi¬ 
spherical candle-power ” of an arc lamp ? [C. & G., II. 

9. Calculate the mean spherical candle-power and the reduction factor 
for a lamp from the following readings:— 

Angle with upward vertical o® 15® 30® 45° 60® 75® 90®. 

Candle-power .. .. o 6*8 ii'6 ig-2 23-4 27*4 28-0. 

Angle.. .. 105° 120® 135® 150® 165® iSo® 

Candle-power 25-8 2i’2 15*6 8*4 6*0 5-4 

10. Plot the vertical distribution curve of a mercury vapour lamp and 
obtain its mean lower hemispherical candle-power from the following readings: 

Angle below 

horizontal o® 10° 20® 30® 40® 50® 60® 70® So® 90°. 

Candle-power 120 370 700 1100 1500 1800 2000 i Soo 1700 iSoo. 

11. Find the mean hemispherical candle-power of an arc lamp from the 
following readings:— 

Angle below horizontal 0° 15® 30® 45® 60® 75° 90°. 

Candle-power .. .. 2 000 1550 i Soo 2 200 1200 750 o. 

12. Give the theory of the Ulbricht method of determining the mean 

spherical candle-power of a lamp or group of lamps. Point out the 
precautions which must be taken to secure a good result, and criticise the 
accuracy of the method in practice. [bond. Univ., El. Tech. 
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13. Explain how the polar curve of light distribution for an arc lamp 

may be found, and show how the curve of illumination on the surface of the 
ground below the lamp may be determined. [C. & G., 11 . 

14. Define the units used in connexion with illumination. Describe how 
you would calculate the number of lamps required to obtain a specified 
illumination at the table height in a room of given dimensions. [C. & G., II. 

15. Define (a) illumination, (b) luminous flux, and (c) the brightness of a 
luminous surface. State the units in terms of which these quantities are 
expressed. In what respect does the reflecting action of a diffusing surface 
differ from that of a mirror ? 

A large area is illuminated by a number of lamps each placed 12 ft. above 
the ground on posts erected all over the area so as to stand at the corners of 
squares of 50 ft. side. The candle-power of each lamp is 300 and may be 
assumed uniform. Calculate the illumination of the ground (a) at the base of 
each lamp, (6) at the centre of each square, and (c) as an average for the whole 
area. [Lond. Univ., El. Eng. 

16. A space is illuminated by a lamp which is suspended 10 ft. above the 
ground, and which gives uniform candle-power in all directions in the lower 
hemisphere. Find [a) the ratio of the ground iUumination at a point directly 
under the lamp to that at a point 20 ft. away, (6) the position of a similar 
lighting unit in order that the minimum illumination on the ground along a 
line joining the points vertically below the lamps shall not be less than half 
the maximum value. 

Indicate your view of the relative importance in practice of the illumination 
falling vertically on the ground and that incident on a surface perpendicular 
to the ground. In case (6) above, estimate the relative values of these quan¬ 
tities (i) at the base of a lamp, and (ii) half-way between the lamps. 

[Lond. Univ. El. P. 

17. A road is illuminated by means of lamps suspended 23 ft. above the 
centre line of the road and spaced 50 ft. apart. The polar curve of each 
lamp is given below:— 

Angle to vertical 0° 10® 20“ 30® 40“ 50® 60® 70® 

candle-power 160 180 190 170 130 100 50 15 

Plot a curve showing the illumination along the middle of the road from 
a point vertically below one lamp to a point on the road midway between 
two lamps. Neglect the light from a lamp at a greater distance than 50 ft. 

[C. & G., Final. 



CHAPTER XV 

INCANDESCENT LAMPS 

I. Introductory 

In incandescent lamps light is obtained by passing through a 
conductor of high resistance (called filament) a current sufficient 
to raise its temperature to luminosity. The conductor is usually 
enclosed.in an evacuated glass bulb. The object of the vacuum is 
two-fold: [a] to prevent the conductor burning away, (b) to 
diminish the loss of heat by convection. The first could be effected 
by filling the bulb with some inert gas, such as nitrogen, but this 
would not prevent the convection loss. When this loss occurs it 
requires an additional expenditure of power to maintain the 
temperature of the filament at the necessary point (see Art. 13). 

It is evident from the laws of radiation that the filament of an 
efficient lamp must almost necessarily be composed of a material 
capable of withstanding a high temperature. It must also be a 
conductor of electricity, but preferably not a good conductor. 

The only materials which have been found to possess these 
and the other qualities necessary for a commercial filament are 
carbon, and the two metals tantalum and tungsten (or wolfram). 
Tantalum filaments have been superseded by improvements in the 
manufacture of tungsten filaments (see Art. 7), 

Lamps of this type are called filament lamps, to distinguish 
them from the gas discharge lamps (Art. 15), in which the incan¬ 
descent body is a gas instead of a solid. 


2. Efficiency of Filament Lamp 

The efficiency of a filament lamp used to be stated in watts 
per candle-power. This does not correspond with the ordinary 
meaning of efficiency, because the watts measure the input and the 
candle-power is proportional to the output. Thus the greater the 
“ efficiency " the less efficient is the lamp. Even the candle-power 
per watt, which is greater the more efficient the lamp, is not the 
efficiency in the sense in which this term is applied to dynamos, 

etc. For though C.P. per watt gives the two are measured 

in different units. Moreover since “ C.P.” is not used always in 
the same sense the meaning is not quite definite (cf. Arts. 4 and 12). 
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To obtain the real efficiency it is necessary to know the relation 
between one candle-power and one watt. This is very difficult to 
determine accurately, but the most recent experiments give a value 
of about ‘06 watt for one candle-power. Thus the real efficiency 
of a lamp whose efficiency (or inefficiency) is 1*5 watts per C.P. is 


•60 watt 
1*5 watts 


or 4 per cent. 


The present method of stating the efficiency is in lumens per 
watt. This figure is 47r (= 12*57) the mean spherical candle- 
power per watt. 

The efficiency depends almost entirely on the temperature, since 
selective radiation occurs only to a smaU extent with the materials 
used for filaments (see Chapter XIV., Art. 3). 


3. Relation between Filament Dimensions and Candle-power^ etc. 

Suppose a number of filaments are to be run at the same 
temperature and the same efficiency: then the following relations 
will hold good. 

The heat produced per second = the heat got rid of per second 
(almost entirely by radiation if the vacuum is good). 

The former = PR watts = P™ watts = 

where I = current (amperes) in filament, 

I — length of filament, 

A = cross-area of filament, 
d = diameter of filament (if circular), 

p = resistivity of material of filament at the working 
temperature. 

The heat radiated per second varies as the surface and as the 
emissivity, since the temperature is the same for all. The variations 
in emissivity are small and will be neglected for the present. 
Therefore the heat radiated per second is proportional to the 
surface, or to Z X for a circular filament. Equating the two 
heat rates— 

P— — Id X d. constant, whence p.P = x 2. constant, 

~d^ 

4 _ 

or • d — constant x ^p.P (see Example i). 
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This relation is similar to that of Preece’s Rule for fuses (see 
Chapter III., Art. 24, page 55), but is much more nearly true for 
vacuum lamps. 

Another relation is obtained from the fact that the light (as weU 
as the heat) radiated per second is proportional to the surface, 
whence candle-power oc [dl) for a given material at a fixed effi¬ 
ciency (see Example i). 

It can be readily seen that the effect of an initially high emis- 
sivity is to diminish the diameter required for a given current, etc. 
The efiect of an increase of emissivity after the lamp has been in 
use for a time, e.g. by roughening of the surface, is to lower the 
temperature necessary to radiate the heat produced, and so to 
lower the efficiency. 


Example i. Fhid the relative diameters and lengths of the filaments of 
two lamps of the same candle-power, efficiency, and material, hut (A) for 220 volts, 
(B) for 110 volts. 


Since the candle-powers and efficiencies are equal, so are the watts. But 
since I = 1^ is half of Ig. The material being the same for both 

filaments, the resistivity is constant; 

.-. d oc 



^4 = 1 - 59 . 


Since the candle-powers are equal 


djitji. — b^b » 

• ^ __ I _ .A 

"IT “ ^ “ "FdQ ~ ° 

i.e. the low voltage lamp has the shorter and thicker filament. 


4. Carbon and Metallic Filaments 

Carbon can withstand a very high temperature and has a high 
resistivity, which means a thick and therefore a short filament 
(see Art. 3). The working temperature is, however, limited by the 
fact that in a vacuum particles of carbon are driven off at a much 
lower point than the normal temperature of evaporation. Conse¬ 
quently the metallic filaments, though their melting points are 
below the latter temperature,* can be worked at a higher tempera¬ 
ture! and therefore a higher efficiency than carbon, t The standard 
efficiencies are from 3-1 to 4*5 watts per mean horizontal candle- 
power for carbon, i.e. 4-1 to 2*8 lumens per watt, and 8*5 to 7-0 
lumens per watt for tungsten vacuum lamps. 

* 3 600° C. in air. f 2 200° C. f i 800° C. 
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The main disadvantages of the metallic filaments are (a) their 
greater cost, and (&) the low resistivity of the metals, which neces^ 
sitates long and thin filaments. They are therefore much more 
fragile than the corresponding carbon ones in spite of the greater 



(c) Tungsten. 

Fig 15.01.—Light Distribution Curves. 


strength of the material. Their higher efficiency too increases their 
length and diminishes their diameter. 

In consequence of this the earlier lamps were made only for 
low voltages. It is now possible, through improvements in manu¬ 
facture, to obtain tungsten lamps for 200 to 260 volts down to 


Carbon Filament Manufacture 
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9 M.S.C.P. (15 W.) at an efficiency of 77 to 7*95 lumens per watt. 
The higher candle-power lamps are less fragile, because the filaments 
are thicker (see Art. 3) though longer. The tantalum filaments were 
stronger than the early tungsten ones, and had an efficiency of 
about 7-4 lumens per watt. They were used where the \ibration 
was too much for the tungsten ones. For trams tungsten filaments 
with a large number of supports (similar to Fig. 15.06) are used. 
The lamps take 100 v. to 130 v. each and are connected four or five 
in series. Their standard efficiency is 6-8 lumens per watt. For 
train lighting from batteries 15 W. and 20 W. lamps are used, either of 
16 V. run at 8-4 lumens per watt or of 24 v. at 8-1 lumens per watt. 

The reduction factors are about -84 for carbon and 78 for metal 
filament lamps. For further differences see Arts. 8, 9, and 13. 

5. Manufacture of Carbon Filament Lamps 

Carbon filaments are now always squirted. Cotton-wool is 



Fig. 15.02 .—"Former” for C.\rbon Filaments. 


dissolved in zinc chloride, and then squirted through a die of the 
required size into alcohol, where it remains for several days to 
harden it. The result is a thread of cellulose, which is washed, 
dried, and cut into suitable lengths. These are wound on carbon 
formers to give them the desired shape. The formers are made in 
two or more pieces (see Fig. 15.02) to allow for the contraction 
which occurs during carbonisation, which is the next process. 

This is effected by placing the threads and formers in plumbago 
crucibles, filled with powdered carbon and covered with air-tight 
lids. These are heated steadily to about 550° C., at which tem¬ 
perature carbonisation is completed, and then are heated more 
rapidly to the final temperature of nearly 1700® C. The oxygen and 
hydrogen in the cellulose are thus driven off, leamng a very hard 
and pure carbon thread. The filaments are then attached to the 
leading-in wires. Formerly platinum was chosen because it can 
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stand a high temperature, and because it has very nearly the same 
coefficient of expansion as the glass into which it is afterwards 
sealed. Any difference in the expansion of the two when the lamp 
heats up is liable to destroy the air-tightness of the seal. Satis¬ 
factory alloys have now been developed for this purpose, which 
reduce the cost. 

The flashing process comes next. This consists of placing the 
filaments in a hydro-carbon gas or vapour, such as coal gas or 
benzene, and heating them to incandescence by passing a current 
through them. This decomposes the vapour and deposits carbon 
on the filament, rendering it uniform, since the thinner parts get 
hotter and so receive a greater deposit. At the same time the 
resistance of the filament can be brought down to any desired value 
by continuing the flashing till this point is reached. 



(a) “Pinch" seal. (b) “Tube” seal. (c) Completed lamp top. 

Fig. 15.03. —Sealing of Leading-in Wines. 

a a, Contact plates. b b, Platinum or nickel-iron wires. c c, Ends of filaments, 
d d, Copper wires. e, Glass seal. f f, Brass collar. gg, End of glass bulb. 

The leading-in \vires are then sealed into a glass bulb (see Fig. 
15.03) which is exhausted through a tube till the pressure falls to 
0*002 mm. of mercury, viz. only ^oW a-ir remains in. 

The bulb is heated % passing a current through the filament 
during the last stages of evacuation, so as to drive off the air which 
othenvise would cling to the glass. The tube used to be attached 
to the bulb opposite to the leadlng-in wires, and when sealed formed 
the bulb pip. It is now placed inside the tube seal [Fig. I5.03(&)], 
and when sealed is covered by the lamp top (or cap ”). 

The final stage of exhaustion is often done chemically. Le. 
phosphorus dissolved in alcohol is introduced into the tube before 
pumping starts. When the vacuum has been made as good as the 





Manufacture 


425 




(a) Contact pins and {.b) Socket, 

porcelain support. 

-Bayonet Socket Lamp-Holder. 


pump can make it, the tube is sealed a short way from the bulb. 
The phosphorus is then vaporised and combines with the oxygen, 
and the tube is then sealed off short. The outer ends of the 
leading-in wires are connected by copper wires to two brass contact 
plates, which are mounted in plaster of Paris or a vitreons enamel 
inside a brass collar with 
two projecting pins (see 
Fig. 15.03). Plaster of 
Paris has the disadvant¬ 
age of absorbing moisture 
readily, and so has been 
superseded. 

The type of lamp 
socket into which such 
lamps fit is called the 
bayonet socket, and is 
shown in Fig. 15.04. The 
two contact studs are Fig. 15.04.- 
pressed by springs against 

the contact plates of the lamp, which is kept in position by 
the pins on its brass collar fitting in the slots in the socket of 
the lamp-holder. 

The Edison screw socket is used as one alternative. One contact 
is in the centre and the screw collar forms the other. Similarly 
the lamps have one central contact, and a screw 
collar for the other (see Fig. 15.05). 

6. Manufacture of Tantalum Filaments 

Powdered metallic tantalum is obtained by 
the reduction of potassium-tantalum-fluoride. 
The powder is fused electrically in a vacuum, 
thus getting rid of the occluded gases. The 
metal can then be drawn into a we of the 
required fineness. 

In order to get the long filament into a bulb 
of ordinary size it was mounted on four circles 
(or spiders) of wire hooks, each supported by a 
glass disc carried on a central glass stem. The hooks are insulated 
from each other by the glass. In lamps for voltages of 125 and less 
only two circles of hooks were used (see Fig. 15.06). The resistirity 
of tantalum at the working temperature is only about 37 microhin- 
cm., hence the great length of filament needed (see Art. 3). 



Fig. 15.05.— Lamp 
End for Edison 
Screw Socket. 

a, Central contact 
plate, b b, Screw col¬ 
lar of brass (in sec¬ 
tion). cc, Copper- 
wires to sealed lead¬ 
ing-in wires. 
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The remaining details of lamp manufacture are similar to those 
for carbon filament lamps. 

7. Manufacture of Tungsten Filaments 

Tungsten is more difficult to work than tantalum, and several 
processes were in use. These early processes gave only short lengths 
of filament, and a number of loops had to be joined in series in a 
lamp of any but very low voltage. 

The large number of joints required made these filaments more 
liable to breakage than a drawn filament, and the filaments them¬ 
selves were not quite as strong as tantalum filaments. 

From 1909 onward processes have been introduced by which 
tungsten can be drawn as tantalum can. This enables the filaments 
to be made in one continuous length, and so reduces the risk of 
breakage, which often occurs near the joints. The 
drawn filaments are much stronger in themselves at 
first than the older type, which is a great advantage 
in the handling and transport of the lamps. During 
use the strength diminishes, but with some of the 
processes used the drawn filaments remain stronger 
during their whole life, in addition to the improve¬ 
ment of fewer joints. 

Fig, 15.06. One process is as follows: A fragile bar is obtained 
LowVol- by compressing tungsten powder in a steel mould. 
Tantalum gradually heated in a current of hydrogen 

Filament, and then “ vitrified” by heating to 2850^0. in an 
electric furnace. The metal contracts about 14 per cent, 
during this process. It thus becomes strong enough to be reduced 
in diameter by hammering. This is done at about 1300° C. by a 
special machine which strikes very rapidly. ^Vhen the diameter 
has come down to about 30 mils the wire may be drawn cold. It 
is preferable to use heated diamond dies and restrict cold-drawing 
to the last stages. The diameter can thus be reduced to i mil by 
100 successive drawings. The final process before mounting is to 
reheat the filament in hydrogen to remove oxide from its surface. 

The resistivity of tungsten is about 40 microhm-cm. at the 
working temperature. Consequently the filament of a 60-watt high 
voltage {200—250 volts) lamp is about four feet long. 

8. Life of Lamps: Variation with EflSciency and Voltage 

The C.P. of a carbon filament lamp falls off during use, after an 
initial rise (see Fig. 15-07). This is due partly to blackening of the 
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Fig, 15.07. —^Variation of Candle-Power with Use. 


inside of the bulb 
and partly to 
changes in the 
filament. Conse¬ 
quently the lamp 
will cease to give 
sufficient light be¬ 
fore the filament 
actually breaks. 

Or, in other words, 
the lumens per 
watt will have 
decreased so much 
that it is cheaper 
to replace the lamp 
by a new one, than 
to continue to use the old one. The point at which this becomes 
true depends on the conditions of use, but it is usual to assume it 
to have been reached when the C.P. has fallen 20 per cent, 
below its original (not maximum) value. It is sometimes called 
the smashing point. 

The useful life of the lamp is the number of hours of light-giving 
before the smashing point is reached. But in testing for hfe the 
standard method (B.S.S., No. 161) is to take the time until the 
average lumens have fallen 10 per cent, below the initial value. 
If the fall were according to a straight line law the two methods 
would give the same result. 

The length of life, both useful and total, depends greatly on the 
efficiency of the lamp: the higher the efficiency the shorter the life. 

The nature of the relation 
between these is shown 
in Fig. 15.08, but it varies 
for different makes of 
lamps. 

The same figure shows 
the effect on lamp life of 
a variation of voltage. 
Any increase of voltage 
L|p£ raises the working tem- 

250 500 750 1000 1250 __ . shortens 

-Effect of Variable P.D. on Home Office 

Life of Lamps. regulations allow a 6 per 



.2-5- 


Fig. 15.08 




Incandescent Lamps 


cent, variation from the declared pressure. This used to be 4 per 
cent., hut has been increased owing to the general use of tungsten 
lamps (see Art 9). 

Low voltage lamps, having shorter and thicker filaments, can be 
made with higher efficiencies than high voltage lamps with the same 
useful life. E.g. a 115-volt tungsten lamp taking 60 watts will give 
710 lumens (57 M.S.C.P.), while a 230-volt lamp taking 60 watts 
gives only 551 lumens (44 M.S.C.P.), averaged during life. 

Metallic filaments fall ofi in candle-power less rapidly than 
carbon filaments (see Fig. 15.07). In consequence of this and of 
their greater fragility and cost the smashing point is generally not 
reached before the filament breaks. Occasionally a badly made 
lamp will fall off in C.P. rapidly and cease to be useful while the 
filament is still intact. In other respects the above statements 
apply generally to metal filaments as well as to carbon ones (see 
further Art. 13). 

9. Variation of Candle-Power with Voltage and Current 

When the voltage applied to a lamp is varied the candle-power 
changes in a much larger proportion. The relation between the 
two can be expressed in the form 

P=^.E^ 

where P = candle-power, E = apphed P.D,, and k and n are 
constants. 

The value of k depends on the particular lamp in question, but 
for all carbon filaments n has a value of about 6 to 7. Taking the 
former value, this is equivalent to saying that a change of x per 
cent, in the voltage produces 6 per cent, change in the C.P., and a 
change of 10 per cent, in the voltage causes 77 per cent, change in 
the candle-power [since (i-io)® — 177]. 

For metal filaments n has a lower value (in the neighbourhood 
of 4) so that a given change of voltage causes considerably less 
change of C.P. than in the case of carbon filaments. The chief 
reason for this difference is that carbon has a negative temperature 
coefficient, while the metals have positive temperature coefficients. 
Consequently when the voltage increases, the current through a 
carbon filament will increase by a greater percentage, owing to the 
decrease of resistance due to the rise of temperature. With metal 
filaments, on the other hand, the percentage change of current is 
less than the percentage change of voltage. For 10 per cent, 
change of volts, the current changes by about 12 per cent, for 
carbon and per cent, for metal filaments. 
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Metal filament lamps therefore have the advantage of giving a 
less variable light than carbon ones on a varjdng voltage. The 
corresponding disadvantage is that on first switching on there is a 
momentary large current, because the cold resistance is less than | 
of the resistance under working conditions, w^hereas a carbon lamp 
has a cold resistance or more times its hot resistance. This 
disadvantage is not serious, since the temperature of the filament 
rises to its normal value very rapidly, with a corresponding decrease 
of the current. 

The relation between candle-power and current can be expressed 
in a similar form to that between C.P. and voltage, and the value 
of the exponent is about 5 for both metal and carbon filaments, 
i.e. P=^M 5 , 

where I = lamp current, and k' is a constant. 

In the same way 

P-r.W’", 

where W = watts absorbed by lamp, h" is a constant, and w is a 
constant whose value is about .2*8 for carbon and about 2*4 for 
metal filaments. 

This last relation also shows that the watts per candle-power 
/W\ 

f diminish as the watts increase. The cause of this is the 
increased temperature of the filament (see Art. 2). 

10. Target Diagram 

On every lamp is marked its voltage, its C.P. (mean horizontal) 
or the watts it takes (or both), and sometimes its efficiency. Carbon 
lamps usually have the C.P. marked, and metal lamps more often 
the watts. Owing to the fineness of the filaments and the diffi¬ 
culties of manufacture, considerable variations from the standard 
values must be expected. The results of the tests on a batch of 
lamps can be shown conveniently by means of a target diagram. 
This consists in plotting the mean horizontal C.P. of each lamp at 
its rated voltage, against the watts absorbed at this voltage. A 
number of points are thus obtained and their closeness to the 
standard shows how accurately the lamps have been made. Straight 
lines are drawn on the diagram representing the standard and 
other efficiencies." These, together with lines marking the limit¬ 
ing values of permitted C.P. and watts, enclose the target. 

Fig. 15-09 show^s a target for a 16 C.P., 220 volt, short life (400 
hours) carbon lamp with the allowable variations marked. 
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These are* approximately for individual lamps, 8 per cent 
above or below the standard watts, and 12J per cent, above or 
below the standard candle-power. Further, the watts per C.P. 
must be within 16 per cent, of the standard value; the effect of 
this provision is to cut off two comers from the otherwise rectangular 
target. At least go per cent, of the lamps tested must hit the target, 
i.e. must he within the stated limits. The xs in the figure show the 
results of a test on 27 lamps, of which only two fall outside the 
target. In addition the average of all the lamps tested (including 
those outside the target) must be on the smaller target. For this 



Fig. 15.09.—Target Diagram for 16 c.p., 220-voLT, Carbox Lamp. 

. IndividTial limits. 

.Limits for average values. 

<8^ Standard values. 


the allowable variation both of watts and of candle-power is | of 
that allowed for individual lamps. 

The corresponding hmits for tungsten lamps were i 12J per 
cent, for the initial watts, and i 15 per cent, for the initial lumens. 
These are measured after “ ageing the lamps by running them for 
I hour at their rated volts. The further proviso that the lumens 
per watt must he within + 10 per cent, of the standard value cuts, 
off much larger parts of the rectangle than in the case of carbon 
lamps. No inner target was provided, and the number of lamps, 
which might fall outside the target was 20 percent, plus two lamps. 

* See B.S.I. publication, B.S.S. No. 33, “ Carbon Filament Glow Lamps.”' 
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These provisions have now been replaced by the following (see 
B.S.S. No. 161). The average watts must not vary from the 
standard by more than 10 per cent.; and the average lumens per 
watt must come within stated limits, which vary for different 
wattages between about 7 per cent, and 9 per cent. In addition 
the “ coefficient of variation ” of the lumens per watt must not 
exceed stated amounts ranging from 3 per cent, to 4J per cent. 
This coefficient is the R.M.S. value of the deviation from the 
average. 

II. Series Running 

Although high voltage tungsten lamps can now be obtained 
down to 15 W. there still remains the advantage of obtaining 
stronger filaments by running two or more lamps of lower voltage 
in series. The disadvantages of series running are— 

(^i) The two (or more) lamps in series must be switched on and 
off together; they cannot be used separately. 

( 5 ) If one of a set breaks the other (or others) go out. 

(c) The lamps must be chosen specially for series running. 

This is known as “ pairing,” because usually two are connected 
in series. 

The necessity of simultaneous switching {a), is of importance 
where only a small amount of light is required, but not where a 
large number of lamps is necessary. 

Similarly (6), the extinguishing of a set by the breakage of any 
one lamp of it, does not matter much for two in series. It can be 
prevented by special arrangements where a large number are run 
in series. 

Regarding ” pairing (c), the current is necessarily the same in 
each of a set of lamps in series. The necessary conditions are that 
the normal current of each lamp shall be the same, and that the sum 
of their normal voltages shall equal the total supply voltage; each 
lamp will then burn under normal conditions. As lamps in series 
are practically always ail of the same voltage, the condition for 
proper series running is that their resistances shall be -equal. If 
two lamps of unequal resistances are connected in series, the one 
with the higher resistance (and therefore the lower normal current) 
w^ill have more than half the total voltage across its terminals, and 
will therefore give a high candle-power but have a short life. The 
other will have less than half the total voltage across it, and so will 
give only a dim light. 
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Example 2. Two iio-voU lamps whose normal currents an 0-31 A. and 
0*35 A. respectively are connected in series to a 220-volt supply. Find the current 
taken and the voltage across each lamp. [Neglect variations in resistances of 
lamps.} 

Call the lamps A and B respectively. 

Then Ra = ~ = 355 ohms, 

T. no 

and Rb = — = 314 ohms; 

Total resistance with lamps in series = 355 + 3 i 4 = 6^9 ohms; 

/, Current = == 0*329 amp. 

P.D. across lamp A = of 220 = 116*7 volts. 


P.D. „ B = of 220 = 103-3 „ 

With carbon lamps the actual voltages will be closer than this, 
because the resistance of lamp A will be lower than normal owing 
to the increased current, while that of B will be higher than normal. 
With metal lamps the opposite takes place, so the voltages will 
differ by more than the calculated amount. 

The calculated current will be nearly correct since the two 
changes of resistance almost balance. 

In both cases lamp B will give a candle-power about 



= 073 of its normal value (see Art. 


9 ), 


and lamp A a C.P. of 



= 1*35 of normal. 


12. Gas-Filled Lamps 

In 1913 tungsten filament lamps of the so-called “ half-watt" 
type began to be supplied commercially. This name was used 
because their efficiency was roughly half a watt per C.P. (maximum). 
The improvement in efficiency has been effected in the following 
way. The ordinary tungsten filament can be run at this efficiency, 
but the hulh blackens so rapidly that the useful life is only a few 
hours. This is due to evaporation, though it is accelerated greatly 
by even a minute quantity of water vapour. By introducing 
nitrogen at atmospheric pressure the rate of evaporation at a 
given temperature is much reduced. Argon has been tried ovdng 
to its greater inertness, and the best results are obtained by using 
a mixture of nitrogen and argon. 

The presence of gas in the bulb causes loss of heat by convection, 
consequently a higher temperature is needed for the same efficiency 
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as before. This loss is proportionately greater for thin filaments, 
and increases with rise of temperature much less rapidly than the 
energy radiated. By winding the filament in a close helix the 
convection loss is reduced. With filaments of this form the reduc¬ 
tion of evaporation due to the presence of inert gas is greater, do’wm 
to fairly small sizes, than the increase of evaporation which would 
occur mthout gas at the higher temperature necessary to compen* 



Fig. 15.10. —Gas-Filled Lamp. Fig. 15.ii. —Projector Lamp, 


sate for the convection loss. Hence the temperature can be raised 
still further, so obtaining a higher ef&ciency, without making the life 
of the lamp unduly short. 

A lamp of this type to take 300 W. at 230 v. is shown in Fig. 
15.10. It should be noted that the bulb has a long neck, the 
object of which is to cause any tungsten which evaporates to be 
deposited there by convection currents in the gas. The result is 
that the lower part of the bulb blackens very slowly, and so the 

2S 


E. E., VOL. I. 
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lamp has a useful life of about i ooo hours. The seals of the leading- 
in wires are protected from the hot gas by a mica disc. 

The same type of lamp is suitable for projection work of kine- 
matographs, etc., if the filament is arranged to give as concentrated 
a source of light as practicable. Fig. 15.11 shows to the same scale 
as Fig. 15.10, viz. approximately fths full size, a lamp to take 
1000 W. at 230 V. Similar lamps are made to take 20 A. or 30 A. at 
30 V. to replace carbon arcs for this work. 

The smallest sizes of gas-filled lamps made for ordinary lighting 
purposes are 15 W. for voltages up to 55 v.; 20 W. (altered to 25 W. 



Fig. 15.12 .—Efficiencies of Vacuum and of Gas-Filled Lamps. 


in 1928) for 100 V. to 130 v.; and 40 W. for 200 v. to 260 v. In 
the smallest sizes, however, the convection losses more than wipe 
out the gain of the higher filament temperature. Consequently 
though the filament is brighter the total light is less than that of a 
vacuum lamp of the same consumption. 

The standard average efficiencies during life of tungsten filament 
lamps are plotted in Fig. 15.12. This shows that as the current 
taken by the lamp—and therefore the diameter of the filament- 
increases, the convection loss becomes a smaller percentage of the 
input, and so the gas-filled lamp has an increasing advantage over 
the vacuum lamp. 
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This increase of efficiency continues up to the largest size made, 
viz. 1500 W., as is shown in Fig. 15.13. This is plotted in the same 
way as Fig. 15.12 except that the scale of watts is geometrical (or 
logarithmic) instead of arithmetical. The result is to space out 
more evenly the points for the standard lamp sizes. 

The efficiencies of lower voltage lamps [e.g. 200 v. instead of 
230 V., or 100 V. instead of 115 v.) are higher by a small percentage; 



Fig. 15.13 .—Efficiencies of Large Gas-Filled L.\sips. 

while those for higher voltages are a little lower. For details see 
B.S.S. No. 161. 

The efficiency of the smaller sizes was improved by the introduc¬ 
tion in 1935 of the coiled-coil ” lamp. In this, after the filament 
has been wound into a helix as usual, this helix is itself wound into 
a larger helix, hence the name. The result of concentrating the 
filament in this way is to reduce the convection losses still further, 
and so increase the efficiency. The lumens are thus increased in 
230-volt lamps by the following percentages: 40-watt, 20 per cent.; 
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6o-watt, 15 per cent.; 75-watt, I2| per cent.; and lOO-watt, 10 
per cent. For 115 v. lamps the gains are much less. 

13. Comparative Costs 

The cost of lighting by incandescent lamps consists partly of 
the cost of the electrical energy used, and partly of the cost of 
renewing lamps. With carbon lamps the latter is so smah a 
fraction of the total that it is worth while to use lamps with a short 
life and comparatively high efficiency. Moreover cheap lamps are 
very false economy. With metal lamps the renewals form a 
considerable part of the total cost. Their amount depends largely 
on the treatment of the lamps, breakage of the filament being 
usually due to mechanical causes, though electrical deterioration 
assists. 

The comparison of the cost of lighting by different lamps may be 
made on a " lamp-hour,*’ or on a " candle-power hour ” basis. 
The meanings of the terms will be evident from Example 3. 

The former method is useful where a certain number of lamps 
are required, and the latter where a large room is to be lit by lamps 
whose number will depend on the candle-power selected. 


Example 3, Find the cost of lighting f>er lamp-hour and per candle-hour 
with the following three 2^0-volt lamps [including renewals). 


Type 

C.P. 

Mean 

Watts 

Cost of 
Lamp 

Life 

(Hours) 

Energy per 
kWh. 

Carbon 

16 

66 

s. d. 

I 4 

800 

3 d. 

Tungsten 

50 

60 

I 9 

500* 

1 3 d. 

Gas-filled 

70 

75 ' 

2 6 

1 

500* 

1 3 d. 


Carbon Lamp. Cost of energy per hour = X 3d. = o-igSd 

Cost of renewals per hour = — of i6d. = ■02od.: 

000 

Total cost per lamp-hour = *198 + *020 = •2i8d. 
The lamp gives 16 C.P.; 

Total cost per candle-hour -^c 


* This is taken small to allow for mechanical breakages, otherwise double 
this figure might be assumed. 
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Similar calculations for the other two lamps give the following results:— 


Filament 

Cost pee Lamp-Hour in Pence 

Cost per C.P. Hour 
Total (Pence) 

Energy. 

Renewals. 

Total 

Tungsten 

•rSo 

•042 

‘222 

•0044 

Gas-filled 

•225 

•060 

■285 

•0041 

Carbon 

•198 

•020 

-218 

•0136 


i.e. if a single lamp is needed the carbon is cheapest by a little, but if 200 
C.P. or more is required tungsten is about a third the cost of carbon, and 
gas-filled a little cheaper still. 


Owing to the variation in the meaning of candle-power it is 
preferable to make comparisons on the basis of lumen-hours. This 
is particularly the case when vacuum and gas-filled lamps are 
compared, owing to the great differences between their light-distri¬ 
bution curves. For the lamps in the above example the average 
lumens during life may be taken to be:—carbon, 150; tungsten, 500; 
gas-filled, 740. From this the total costs per 1000 lumen-hours are 
found to be: carbon, i-453<i*; tungsten, o*444d.; gas-filled, o*^8^^d 

14. The Low Pressure Mercury Vapour Lamp 
The low pressure mer¬ 
cury vapour lamp consists 
of a tube of special glass or 
of quartz, containing mer¬ 
cury and two electrodes 
sealed into the ends of the 
tube. The Bastian type is 
illustrated in Fig. 15 • 14 - 
The tube is supported on a 
pivoted frame to which is 
attached a double iron core. 

This is attracted by a 
double coil connected in 
series with the tube, so that 
on closing the switch the 
tube is tilted quickly, caus¬ 
ing the mercury column to 
break at a. The current 
continues to flow across the 
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gap vaporising the mercury, and forcing the liquid mercury back 
till nearly the whole of the tube is Med with glowing mercury 
vapour. A steadying resistance is connected in series with the tube. 
The lamp is very efficient, but the greenish-blue colour of the light 
is very disagreeable, and alters greatly the appearance of colours, 
especially those containing red. It is employed therefore chiefly in 
printing, newspaper, and drawing offices where the work is mainly 
in black and white. The type illustrated gives 120 M.H.S.C.P. 
taking 0*4 ampere at 220 volts, i.e, an efficiency of 8*6 lumens per 
watt. The Cooper Hewitt lamps with straight tubes from i J to 4 
ft. long and i in. diam., taking about 400 watts, have efficiencies 
up to 10 lumens per watt. 

The voltage for a given current and diameter = 13 -f 
where I — length of tube, 

and ^ is a constant. 

For varying diameters the voltage for a given current is found to 
vary inversely as the diameter. It does not vary as the inverse 
square of the diameter (as might be expected from the relation 
R oc //A), because the alteration of diameter alters the vapour 
pressure and the relative cooling surface. 

15. Electric Discharge Lamps 

The gas-Med lamp has superseded the low pressure mercury 
vapour lamp. But this discharge lamp, in its turn, has been 
improved by the use of a hot cathode of solid metal, and a higher 
vapour pressure. The result of this is a very large increase of 
efficiency, reaching approximately 40 lumens per watt in the 
400-watt size. To obtain this the straight tube containing the 
electrodes and mercury is enclosed in an outer glass jacket, with 
a vacuum between tube and jacket. This reduces the convection 
losses, and obviates the risk of breakage of the hot tube by cold 
draughts or rain. Each electrode consists of a coil of thick 
tungsten wire surrounding a core of electron-emitting material. 

A further improvement is the elimination of the necessity of 
tilting the tube to start the discharge. In the early patterns this 
was done by a heating wire w’’ound outside the inner tube. It is 
now effected by auxihary electrodes close to the main electrodes. 
On switching on, the discharge starts between auxiliary and main 
electrodes, and when the lamp has been warmed up by this the 
discharge transfers itself to the main electrodes, since this discharge 
path is then of lower resistance than that through the auxiliary 
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electrodes which have resistances in series with them. Ten 
minutes or so elapse before the lamp is burning normally. 

The high efficiency of these lamps makes them very suitable for the 
lighting of streets and other large open spaces; and for large indus' 
trial interiors, such as foundries, if the colour drawback is not serious. 
They can be used on any A.C. pressure from 200 v. to 260 v. 

The vertical distribution curve is approximately a circle touching 
the vertical line through the lamp. The corresponding Rousseau 
figure is the semicircle with vertical diameter, hence the reduction 
factor is about 079 (77/4). 

To obtain the best results, special fittings designed for the 
distribution curve must be used. These may give either a distribu¬ 
tion symmetrical about a vertical axis, for lighting large spaces; 
or a distribution stronger in two opposite directions than in 
directions at an angle with these, for street lighting. Moreover, in 
the latter case with lamps on both sides of the street the C.P. can 
be made less in the direction of approaching traffic than in the 
receding direction, so reducing the ehect of “ glarewhich tends to 
diminish the effective illumination. 

Another pattern has the tube horizontal: an electromagnet has 
to be used to prevent the heated vapour column from touching the 
side of the tube. This type gives almost uniform C.P. in a plane 
perpendicular to the tube; and thus gives a distribution suitable 
for street lighting, with less modification than the vertical tube. 

Owing to the resistance of the tube diminishing with increase of 
current it is necessary to connect a choking coil in series with it to 
reduce current fluctuations. Moreover, it is usual to place in parallel 
with the lamp and choke a condenser of zojuF capacitance, thereby 
raising the combined power factor to 0-85 or more. 

Various attempts to improve the colour of the light have been 
made by introducing other gases in addition to the mercury vapour. 
The difficulty is to ensure that all the gases shall be “ excited ” to 
become luminous simultaneously. One of the most successful of 
these is the Sieray W lamp, which gives very considerable addition 
of red rays at the expense of a small loss of efficiency. 

The uncorrected colour lamps are made, too, in 250-watt and 
150-watt sizes. These are less efficient than the 400-w^att lamp, 
but retain about the same ratio of increase of output (24 times) 
compared with tungsten lamps with the same input. 

A similar lamp using sodium vapour is used too. This gives a 
monochromatic yellow light, and opinions differ as to the relative 
suitability of this and the mercury light. 
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QUESTIONS ON CHAPTER XV 


r. How is the efficiency of a lamp stated, and what are the weak points 
of giving this in “ watts per C.P.” ? 

2. How do the dimensions of a filament of a given material run at a 
stated efficiency depend on the candle-power and current respectively ? 

3. Find the relative diameters and lengths of filaments for [a) a 16 C.P. 
iio-volt lamp, and (&) a 25 C.P. 220-volt lamp. 


Assuming that strength oc which is stronger and by what per cent. ? 


4. A 25 C.P. 115-volt and a 32 C.P. 230-volt lamp have filaments of the 
same material, run at the same efificiency. Find the relative diameters and 
lengths of the two filaments, and compare their strengths. 

5. Describe recent improvements in the manufacture of metallic filament 

lamps. Find an expression connecting current and diameter of filament for 
a given maximum temperature. [Lond. Univ., El. Tech. 

6. State the relative advantages of {a) carbon filament lamps, (6) tungsten 
filament vacuum lamps, (c) gas-filled lamps. 

7. If the resistivity of tungsten is ^^^th of that of carbon at the working 
temperature, compare the dimensions of filaments of the two materials for 
lamps of the same C.P., P.D., and efficiency. 

In what way are these results modified by the higher efficiency at which 
tungsten lamps are run in practice ? 

8. What is the relation between efficiency and " useful life of an 
incandescent lamp ? Define the latter term. 

9. A 220-volt 50 C.P. tungsten lamp and a 32 C.P. 22o--volt carbon lamp 
are connected on a circuit whose voltage ranges between 212 volts and 228 
volts. Between what values do their C.P.s vary ? 

10, Compare the cost of light (a) per lamp-hour, (6) per C.P.-hour, for the 
following 220-volt lamps, including the cost of renewals. 


Filament 

C.P. 

Consumption 

Price 

Carbon 

.. 16 

.. 60 watts 

9 d. 

Tungsten 

.. 48 

.. 65 „ 

IS. 7d. 

Gas-filled 

.. 85 

.. 100 „ 

3 S. 


Price of electrical energy, 3d. per kilowatt-hour. 

11. Explain why gas-filled lamps have higher efficiencies than vacuum 
lamps, and why this advantage is greater in high C.P, lamps. 

12. Two lamps take 0-34 amp. and 0-37 amp. respectively when connected 
across 120-volt mains separately. 

What current will they take and what is the P.D. across each when con¬ 
nected in series to 240-volt mains ? Neglect changes of resistance. 

In what direction are the calculated values changed by the alterations of 
resistance that occur ? 


13, Draw a target diagram for loo-watt, 230-volt., tungsten lamps, the 
standard initial lumens for which are 1160. 


14. Describe the mercury vapour lamp with sketches of its working parts 
and a diagram of connexions. 

Explain the object of each part and the action of the lamp. 

State its advantages and disadvantages. 

15. Draw a diagram of connexions for a hot-cathode mercury discharge 
lamp, including the auxiliary starting electrodes. 



CHAPTER XVI 
SPECIAL DX. MACHINES 
I. Motor-Generators 

If power is required at a pressure differing considerably from 
that of the supply, it can be obtained by means of a motor-generator. 
This consists of two machines coupled together, preferably on the 
same bedplate. 

One machine is a motor wound for the supply voltage, and the 
other a generator producing the desired voltage. The output is 
equal to the input less the losses in the two machines. For 
instance, for electro-chemical work a voltage of lo (or less) is 
suitable. If the supply P.D. is 230 volts a motor-generator will 
deliver at the reduced pressure a current nearly 20 times as great 
as that which it takes from the mains. 

Similarly, if a higher voltage is required than that of the supply 
a motor-generator may be used with the generator wound for this 
higher voltage. It is, however, better to use a booster in such a 
case (see Art. 8). 

Occasionally double-wound machines are used as motor-genera¬ 
tors. These machines have two independent windings on the same 
armature, connected up to separate commutators, one at each end 
of the armature. One winding acts as a motor and drives the 
armature, the other generates a voltage different from that of the 
supply. They have the following advantages compared with the 
ordinary type:— 

[a) Less space occupied, and smaller weight. 

(&) Only one set of field magnets, etc., therefore higher e£&- 
ciency and 

[c) Lower cost. 

[i) Less armature reaction, since the two windings are mag¬ 
netically opposed. 

And the following disadvantages:— 

[а) The armature must be considerably larger than that of either 
of the separate machines, so as to carry the tw^o windings and 
avoid over-heating. 

(б) A special design is required in place of using standard types 
of generator and motor, thus advantage (c) is diminished. 

44] 
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(c) The generated E.M.F. cannot be regulated by altering field 
strength, since any change in this causes the speed to alter in 
inverse proportion and so maintain the generated E.M.F. constant. 

Because of these drawbacks, particularly the last, double-wound 
machines are used only in very special cases. 

2. Feeder Booster 

A hooster is a generator whose voltage is added on to that of 
another generator or generators, thus increasing (or “ boosting up ”) 
the total voltage. 

One example is the feeder booster, whose connexions are as 
shown in Fig. 16.01. This consists of a shunt-wound motor con¬ 
nected to the bus-bars, and coupled mechanically to a series-wound 
generator connected between the positive bus-bar and positive 
feeder. The motor runs at a nearly constant speed and therefore the 
generator voltage is approximately proportional to the feeder current. 



The feeder drop is equal to this current multiplied by the sum 
of the resistances of the positive and negative feeders. Conse¬ 
quently the booster can be made to compensate automatically for 
the drop at all loads. The P.D. at the feeding point at the far end 
of the feeder is thus kept nearly constant. For instance, if the 
feeder current (Fig. 16.01) falls to half its former value the booster 
P.D. drops to about 20 volts, giving 250 volts across the feeders at 
the central station. The feeder drop is likewise halved, so that if 
it were 40 volts originally, it becomes 20 volts. Both in the original 
case and after the decrease of current the P.D. across the feeders 
at the far end is about 230 volts, and this value is maintained 
approximately for all values of the current. 

The booster voltage can be adjusted either by a rheostat in the 
field circuit of the motor, or by a divertor in parallel with the 
generator’s field winding (see Chapter X., Art. 8). The advantage 
of this over the use of overcompounded generators is that the drop 
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on each feeder is compensated. Whereas with the latter the rise 
of voltage depends on the load on the generators, and raises the 
station voltage equally for all the feeders; so that the compensation 
can he correct only if all of them have the same drop. 

Other types of feeder booster in use are:-— 

[а] Shunt-wound motor driving a generator whose field current 
is supplied by an “ exciter " (cf. Art. 6) whose field is connected in 
series with the feeder. 

(б) As [a] together with a series winding on the generator field; 
i.e. the generator is compound-wound, the shunt winding being 
supplied by the exciter (see Fig. 16.02). ’ 

3. Negative Booster 

Negative boosters are used in tramway work, where the rails 


4* ve bus-bar 



Fig. 16.02 .—Feeder Booster with Exciter. 


form the return conductor (see Volume 11 .). To minimise the 
danger of electrolytic damage to gas or water mains by stray 
currents the Ministry of Transport limits the voltage at any point 
of the rails above that of pipes in their neighbourhood to 4*2 volts 
(or rather the E.M.F. of 3 Leclanche cells in series), and the P.D. 
between any two points on the rails to 7 volts. Consequently, 
except on short lines, the rails have to be supplemented by negative 
feeders. If these were merely connected in parallel with the rails 
the cross-section necessary would make their cost excessive. By 
using negative boosters the size of cable required can be reduced 
so much that the cost, inclusive of the machines, is less than that of 
feeders alone without boosters. 

The negative booster is the same as a feeder booster except that 
the generator is connected between the negative bus-bar and feeder. 
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The connexions are shown in Fig. 16.03, and with the conditions as 
marked 105 volts are available for sending a current through the 
negative feeder. It will therefore carry 15 times as much current 
as it would if only the 7 volts potential difference allowed on the 
rails were available. 

The rails themselves may not be connected to the booster 
because of the 7 volts limit; and because no point of them may be 
more than 1*4 volts (the E.M.F. of i Leclanche cell) below the 
potential of pipes near them. This last Ministry of Transport rule, 
like that quoted on p. 443, is to minimise electrolysis. 

4. Battery Booster 

Since an accumulator requires at least 2-5 volts when being 

+525V ,+ve FEEDER 



charged, whereas it is discharged down to 1-85 volts or less (see 
Chapter XIII.), it is necessary when charging a battery to have a 
voltage 35 per cent, or more above the normal. It may be possible 
to obtain this by strengthening the field of one of the station 
generators, but it cannot then be used at the same time for ordinary 
supply purposes. The necessary increase of voltage can be obtained 
without interfering with the supply, by using a battery-charging 
booster. This consists of a shunt-wound motor (connected to the 
bus-bars) coupled mechanically to a shunt-wound generator which 
is connected between the positive bus-bar and the positive battery 
terminal as shown in Fig. 16.04. The generator produces the extra 
voltage required, and its amount can be regulated by a rheostat in 
its field circuit. 
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By reversing the field of the generator the booster may be used 
in discharging the battery. Its E.M.F. then assists that of the 
battery instead of opposing it, and the battery can thus deliver 
energy to the mains even when its E.M.F. is less than the P.D. 
across them. The use of regulating cells (see Chapter XVIIL, Art. 
i6) can then be dispensed with, and the whole battery always 
charged and discharged together. 

Other types of battery booster are:— 

[а] Generator with field connected across the bus-bars. 

(б) Series-wound generator driven by shunt-wound motor. 

[a] has the advantage over an ordinary shunt-wound machine 
of maintaining a nearly constant boost when the current changes 
owing to a rise or fall in the battery E.M.F. 

(&) is httle used. It can 
boost in either direction with¬ 
out the use of a field reversing 
switch. It cannot, however, 
be made to charge the battery 
when its E.M.F. is above the 
bus-bar voltage, nor to dis¬ 
charge the battery when its 
E.M.F. is lower. The amount 
of boost can be regulated by 
a divertor. 

5. Automatic Reversible Bat¬ 
tery Boosters 

These are a development of the reversible battery booster 
described in the last section. By the use of a booster of this type 
the battery is caused to discharge when the load is heavy and is 
charged when the load becomes light. The load on the generators 
is thus made much more uniform, resulting in diminished wear and 
tear on them and the engines driving them, and in a steadier voltage. 
They are used (as are compound-wound generators) mainly for 
traction supply in wTich large changes of load occur rapidly (see 
Figs. 16.05 and 16.06). 

These machines can be divided into two main classes:— 

(a) Differentially-wound. (b) Exciter-controlled. 

The simplest form of the first class consists of a shunt-wound 
motor connected to the bus-bars and driving a generator with two 
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Fig. 16.07. —Differentially-wound Battery Booster. 


B B, Bus-bars. F F P, Positive feeders. 


F' F'F^ Negative feeders. 


separate field windings. One of these, the series winding, carries 
the load (or generator) current or a definite fraction of it, and tends 
to excite the generator so that it assists the battery to discharge. 
The other winding is connected as a shunt across the bus-bars or 
the battery (thus carrying a nearly constant current) and opposes 
the magnetising effect of the series winding (see Fig. 16.07). 

With a certain current (which can, however, be adjusted to suit 
the conditions) the two windings have equal numbers of ampere- 
turns and the generator produces no E.M.F. If the load increases 


Fig. 16.08. —Lancashire Battery Booster. 

(a) Series winding. (&) Shunt winding with “potentiometer” regulator (P). (c) Winding 
to compensate for variations in battery P.D. 

Ul) Winding to compensate for armature drop and reaction. 
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the series winding overpowers the shunt and the battery discharges, 
relieving the generators of a portion of the load. With a decreased 
load the reverse occurs, and the battery is charged by the generators 
assisted by the booster. 

A more complicated form of the same class is the Lancashire 
booster. The fraction of the main generator current carried by (a) 
(Fig. 16.08) can be altered by means of the divertor, and the current 
in (&) can be altered by its regulator. Thus the load at which these 
windings neutralise each other, and the amount of boost for a given 
change of load can both be adjusted. 

The whole of the magnetic circuit is laminated, which should 
always be done in battery boosters; otherwise the eddy currents 
induced by the changing magnetic flux retard this change and make 

the generator slow 
to respond to changes 
of load. 

6 . Exciter-Controlled 
Battery Boosters 
The disadvantage 
of the differentially- 
wound class is that a 
great deal of copper 
is required in the 
field windings, be¬ 
cause the useful 

Fig. 16.09. Siemens and Halske Battery ampere-turns are the 
Booster. difference between 

those in the series and 

in the shunt turns. This is avoided in the exciter-controlled type 
by using a smgle field winding on the generator and supplying it 
with current from an exciter driven by the same motor. The exciter 
field windings are differential (or an equivalent), but since the 
exciter is much smaller than the generator the loss in the field 
windings is very much reduced. The main drawback is the extra 
complication of having three machines instead of two. 

An example of this type is shown in Fig. 16.09. At a certain 
load the series and shunt windings of the exciter balance, and so the 
generator is unexcited. At higher loads the series ampere-turns are 
the greater, and the exciter sends a current through the generator 
field winding in the direction which causes the latter to aid the dis¬ 
charge of the battery. At lower loads these effects are all reversed. 
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Another example 
is the Highfield boo¬ 
ster (see Fig. 16.10). 

In this the exciter 
produces a nearly con¬ 
stant voltage which is 
balanced against the 
battery P.D. When 
the battery discharges 
its terminal voltage 
falls, and so the cur¬ 
rent in the generator 
field winding is up¬ 
wards in Fig. 16.10. 

This excites the generator so as to aid the discharge. When the 
battery is charged its terminal P.D. rises and reverses the generator 
field current. The generator therefore assists the charging in this 
case. The efect is thus to make the combined voltage of the 
generator and the battery nearly constant under all conditions. 
The series coil (S) tends to cause discharge. 

The exciter is shunt-wound, with the addition of a few series- 
turns to compensate for its own armature reaction and drop. 

7. The Entz Battery Booster 

This is exciter-controlled, but differs in action from those 
mentioned above. Its action depends on the change of contact 
resistance between carbon plates when the pressure on them is 
varied. The connexions are as shown in Fig. 16.ii. 

The main current is passed through a solenoid which sucks 
downwards an iron core attached to one end of a pivoted lever. 




Fig. 16.11.— Connexions of Entz B.\ttery Booster. 

CD, Metal lever. E, Exciter field winding. F, Fixed frame. H, Pivot. I, Iron core. 
PP, Carbon rheostats. E, Regulating screw. S, Spring. 

E. E., VOL. I. 
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The other end of the lever is pulled down by a spring, attached 
to a screw by which its pull can be regulated. This lever presses 
on two rheostats at equal distances on each side of the pivot. 
Each rheostat consists of two columns of carbon discs, so that its 
resistance diminishes when the pressure is increased. The field 
winding, AB, of the exciter is connected from B, the middle point 
of the battery, to A, a point on the cable connecting the rheostats. 

At a value of the main current dependent on the position of the 
regulating screw the pressures on the two rheostats will be equal, 
and so wfil their resistances. Consequently the cable between them 
will be at the same potential as the middle point of the battery, and 
no current will flow in the exciter field winding. 

An increase of the main current will diminish the resistance of 
the right-hand rheostat (in Fig. i6.ii) and increase that of the left- 
hand one, thus raising the potential of A nearer to that of the -f ve 
battery terminal. A current will then flow from A to B, causing 
the exciter to magnetise the generator of the booster so that it 
causes the battery to discharge. A diminution of the main current 
will have the opposite effect on the rheostats, and bring the potential 
of A nearer to that of the negative terminal of the battery. Current 
then flows from B to A and the booster aids in charging the battery. 

The advantage of this type is that a very small movement of the 
lever produces a large change in the resistance of the carbon rheo¬ 
stats so that it is prompt in its action. There is a loss in the rheostats 
even when no boosting is taking place, but this only corresponds 
with the similar loss in a differentially-wound exciter. 

8. Comparison of Booster and Motor-Generator 

A suitably wound motor-generator could perform the work of 
any of the above boosters. For instance, instead of the series- 
wound generator of a feeder booster (Art. 2) an over-compounded 
generator might be used directly connected to the -f ve and — ve 
feeders. This would produce equally satisfactory results, but 
would be much more expensive. For instance, taking the voltages 
marked in Fig. i6*oi and a feeder current of 200 amperes, the 

4.0^ X 200^ 

output of the booster generator is - -= 8 kilowatts, 

rooo 

270 '"^ X 200 ^ 

whereas the motor-generator output would be — -- 54 kW. 

The motor would in each case have a slightly larger output 
than its generator to allow for losses. Thus the booster set consists 
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of a 12 B.H.P. motor and an 
8 kW. generator, while the 
motor-generator set for the 
same work would require at 
least a 75 B.H.P. motor and 
a 54 kW. generator. More¬ 
over, the ef&ciency of the boo¬ 
ster arrangement is higher 
than that of a motor-gener¬ 
ator, even allowing for the 
higher efficiency of the larger 
machines. 

Similar reasoning applies to any case where the supply voltage 
requires raising. Even where it requires lowering a back-booster 
(or bucking booster) is cheaper than a motor-generator unless the 
required voltage is very low. 

A back-booster consists of a motor connected in series with the 
load, and coupled to a generator which returns power to the mains. 
For instance, with the currents and voltages shown in Fig. 16.12, 
which are for a combined efficiency of 82'5 per cent, for the set, the 

generator output is • = 23*1 kW. With a motor- 

generator the output would be the power taken by the load, i.e. 

= 60 kW. The over-all efficiency of the back-booster 

1000 

^. 150 X 400 ^ ^ , 

arrangement is-- X 100 per cent. = 92-5 per cent., i.e. much 

220 X 295 

higher than that of the back-booster itself. 

A somewhat similar arrangement suitable for greater voltage 

reductions is to con¬ 
nect the motor of a 
motor-generator set in 

and the generator in 
parallel with the load 
(see Fig. 16*13). 
This may be called 
a reducer,” and has 
similar advantages to 
the above arrange¬ 
ment. Taking the 
conditions as marked 



Fig. 16.13 .—Connexions for Large Reduc¬ 
tion OF Voltage. 


295 A 105 400A 



Fig. 16.12 .—Back-Booster Connexions. 
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in Fig. 16.13, til® generator output is 25 A. at 50 volts 
instead of 35 A. at the same P.D. The efficiency of the set is 

■ = 66 per cent., but that of the arrangement is 

190 X 10^ 

(50 X35)/(24o X 10) = 73 per cent. 

It can be shown that the latter arrangement is more efficient 
than the former when the required voltage is low. It always 
results in smaller machines. The motor field may be connected 
across the mains. This has some advantages in operation. 

The following table gives average values for the efficiencies of 
motors and generators which may be assumed in working out the 
sizes of machines for the above arrangements. 


Motors 

Generators 

B.H.P. 

Efficiency 

Output 

kW. 

Efficiency 

2 

70 per cent. 

2 

74 per cent. 

3 

75 

3 

78 .. 

5 

81 „ 

5 

83 

ro 

85 

10 

871 

15 

88 

15 

90 

20 

89 

20 

91 

50 

90 

50 j 

92 


9. Divided-Pole Machines 

In the ordinary type of dynamo the brushes must be placed so 
that they short-circuit the armature coils when these are between 
the poles; otherwise excessive currents are produced in the short- 
circuited coils, and very bad sparking results (see Chapter IX.). 

If however, each pole is divided in two, so as to leave a gap in 
which there is little or no magnetic flux, extra (or auxiliary) brushes 
may be placed on the commutator. Their position must be such 
that the coils they short-circuit are in the gaps, and thus sparking 
is avoided. The auxiliary brushes will have a potential interme¬ 
diate between those of the positive and negative brushes. If a 
ring-wound armature is used the ratio in which the P.D. between 
the main brushes is divided by the auxiliary brushes will depend 
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on the relative numbers of lines of force coming from or passing to 
the two portions into which the poles are divided (cf. Chapter VIIL, 
Art. 14). 

E,g, in Fig. 16.14 

E.M.F. between -fve brush and auxiliary brushes _ Flux from 
E.M.F. between —ve brush and auxiliary brushes” Flux from Ng 

The values of the P.D.s can be obtained from the E.M.F.s by 
adding or subtracting the resistance drops in the respective circuits. 

Note that the relative numbers of turns between the auxiliary 
brushes and the positive and negative brushes respectively do not 
directly affect the relative E.M.F.s. The pole-portion with the 
greater flux will as a rule have more turns under it, but this is not 
necessary. 

With a drum-wound armature, 
since each conductor is connected 
to another a pole-pitch away, a 
change in the ratio of the fluxes 
would have no effect on the ratio 
of the voltages. This voltage ratio 
depends on the flux-distribution, 
as well as on the numbers of 
conductors in the two sections. 

A change of the fluxes in Nj 
and Sj relative to the fluxes in 
and S2 will alter the potential of 
the left-hand auxiliary brush in 
Fig. 16.14 ^ same direction; 
and will at the same time alter 
the potential of the right-hand auxiliary brush in the opposite 
direction, (Cp.. Art 12.) 

10. The C.M.B. Auto-Converter 

This (see Fig. 16.15) is one example of the divided-pole type of 
machine. It has four poles forming two divided poles. The two 
portions of each pole are separated magnetically across a horizontal 
plane, i.e. one part of the N. pole and the corresponding part of 
the S. pole form one magnetic circuit, and the remaining parts form 
another and quite independent circuit. The object of this con¬ 
struction is to enable the division of the voltage by the auxiliary 
brushes to be altered by altering the fluxes in the magnetic circuits. 
For the same reason the armature is ring-wound (see Art. 9). 



Fig. 16.14. —Divided-Pole 
Dynamo. 

A A, Auxiliary brushes. 
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For use as an auto-converter, 
i.e. to convert from the supply 
voltage to a lower secondary volt¬ 
age, the connexions are as shown 
in Fig. 16.15. The windings on 
the poles are connected in series 
as a shunt across the supply 
mains. In addition each of the 
secondary poles {n^, Sg) has a 
winding connected in series be¬ 
tween an auxiliary brush and the 
independent secondary terminal. 
This is to counter-balance the 
armature reaction due to the 
secondary current and to any 
current flowing owing to a differ¬ 
ence of potential between the 
auxiliary brushes. 

11. Constant Current Generators 

Constant current generators are those which give a nearly constant 
current over a wide range of speed, or a large variation in the 
external resistance. They are useful in train lighting, motor car 
battery charging, electric welding, and supply to a single arc [e.g. 
for search-hghts). In the last case such generators have the 
advantage of doing away with the necessity of a steadying resistance, 
thus increasing the efficiency of the arrangement. 

The simplest method is to use a series-wound generator with a 
drooping characteristic (see Chapter X., Art. 10). A large decrease 
of resistance in this case will produce only a small increase in the 
current supphed. 

The C.M.B. Auto-converter (Art. 10) can be used as a constant 
current motor-generator [i.e. delivering constant current when 
supplied at constant P.D.) by modifying the windings. 

12. Rosenberg’s Constant Current Generator 

This is another example of a divided-pole machine. The two 
halves of each pole are not magnetically separated, and there is only 
one field winding for the two halves (see Fig. 16.16). The brushes 
a, a are short-circuited. The short-circuit current sets up a cross 
magneto-motive force (see Chapter IX., Art. 2) causing a flux as 
shown in Fig. 16.16. This produces a difference of potential 



Fig. 16.15.— Connexions of 
Auto-Converter. 
a 8., Main brushes, 
b b, Auxiliary brushes. 
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between the brushes &, 
which are connected to 
the circuit to be supplied. 

The short-circuit current 
thus serves as an exciting 
current to produce the 
cross-flux which generates 
the working E.M.F. The 
yoke and pole-cores are 
therefore made of small 
cross-section so as to keep pig. 16.16 .—Rosenberg Generator. 
down the flux in them, and a a, short-circuited brushes, bb, Supply brushes. 
SO prevent an excessive 

short-circuit current. The pole-pieces, on the other hand, are made 
very large, as they have to carry the cross-flux, which must be 
large so as to produce a sufficient E.M.F. 

When used for supplying an arc lamp or welder, the field is 
connected in series with the arc to the brushes h, h, and the brushes 
a, a are short-circuited. This results in a characteristic (at constant 
speed) in which beyond a certain current the P.D. falls off rapidly 
with little increase of current. 

When used as a train-lighting generator a battery is used to 
maintain the current when the generator (driven from one of the 
carriage axles) is at rest or running very slowly. A reverse current 
cut-out is fitted in the generator circuit, to prevent the battery 
discharging through it when the generator E.M.F. falls. The field 
winding is connected across the accumulator and thus receives a 
nearly constant current. The same method is used on motor cars. 

In Mather and Platt’s system using this generator the cut-out 
has two coils, one a shunt to the generator and the other in series 




Fig. 16.17 .—Connexions of Train- 
Lighting Generator. 

B, Battery. F, Field winding of generator. 
R.C., Reverse current cut-out. 


with it. When the speed is 
high enough the current in 
the shunt coil raises the 
core and closes the switch, 
the series coil then increasing 
the pressure on the contacts. 
When the speed falls the cur¬ 
rent decreases and then reverses, 
whereupon the series coil op¬ 
poses the shunt coil and 
allows the switch to open (see 
Fig. 16.18). 
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The field (connected as shown in Fig. 16.17) has a 3-section 
resistance (the “ output adjuster ”) connected in series with it. 
This is altered by the barrel switch (Fig. 16.18), which at the same 
time throws lamps in and out of circuit. The generator is thus 
made to deliver a current suitable for no lights, half lights, or all 
lights, together with sufficient charging current to keep the battery 
in good condition and enable it to supply current during stoppages 



Fig. 16.1S. Solenoid Cut-out, Barrel Switch, etc. 


The relation between speed and the current delivered by the 
generator is shown in Fig. 16.19. The reason for the approximate 
constancy of this current beyond a certain speed is that it exerts 
a great demagnetising effect on the field due to the magnet wind¬ 
ings (see Chapter IX.). Consequently the current between the 
brushes a. a diminishes rapidly as the main current rises and so the 
workmg cross-flux produced by it diminishes. The limiting value of 
t e main current is that which would make its demagnetising effect 
sufSaent to wipe out the magnetising effect of the field windings. 
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Another advantage of this machine for use as a train-lighting 
generator is that no change of connexions is required when the 
direction of rotation is reversed (cf. Chapter X., Art. ii), i.e, when 
the carriage travels in the reverse direction. For a reversal of 
rotation with unchanged field current reverses the current between 
the short-circuited brushes, and therefore reverses the cross-flux set 
up by it. The E.M.F. developed between the brushes h, b, thus 
remains in the same direction as before, since both flux and rotation 
are reversed. 

Another method is used in the “ third-brash ” generator, which 
has a wide application to motor cars for charging the car battery. 

In this, as the name implies, a third small brush is provided in 
addition to the two main brushes. The field winding is connected 
between one main brush and the third brash: the latter being 
placed in advance of the other 
main brush. Thus armature reac¬ 
tion reduces the ratio of the field 
voltage to the total voltage, and so ^ 
tends to keep the current constant, g 

In some cases this action is | 
assisted by a series field-winding ® 
opposing the magnetic efect of 
the winding connected to the third 
brush. By suitable design a cur¬ 
rent-speed graph similar to that Fig. 16.19.— Variation of Cur- 
shown in Fig. 16*19 can be ob- rent with Speed. 

tained. The maximum current can 

be increased or diminished by moving the third brush nearer to, or 
further from, the main brush to which the field is not connected. 

The connexions to the battery and reverse-current cut-out are 
similar to those shown in Fig. 16*17. 

For another type of constant current generator and its appHca- 
tion see Chapter XVIII., Art. 25. 

QUESTIONS ON CHAPTER XVI 

1. Diaw a diagram of connexions for a feeder booster, and explain its use 
and action. 

2. Will the amount of boost of a feeder booster vary directly as the feeder 
current ? Explain two methods of adjusting the amount of boost for any 
particular current. 

3. Calculate the proper amount of boost for a feeder booster connected 
to a pair of 37/-o64 in. feeders going to a point ml. from the central station 
and carrying 90 amperes. Working temperature of feeder 85° F. 
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4. Describe the action of, and explain the need for, a negative booster in 
traction work. 

5. State the advantages of using an automatic battery booster. Draw a 
diagram of connexions of one such booster and explain its action. 

6. What are the functions of an automatic reversible booster ? Explain 
' fully mth a diagram of connexions the action of one good example of this 

type of machine, using a separate exciter. [Lond. Univ., EL Eng. 

7. How are the purposes of a reversible booster fulfilled by the three 

tjrpes of machine in common use ? For what kind of load is each of these 
specially suitable ? [Lond. Univ., El. Mach. 

8. A “ Lancashire ” battery booster is adjusted so that the generator 
produces no E.M.F. when the main generators are giving 600 amperes, and 
produces 50 volts when they are giving 620 amperes. What is the effect of 

(i) altering the divertor so that the current in coil [a) is reduced to | of 

its previous value; 

(ii) altering the potentiometer regulator so that the current in coil (6) is 

reduced to | of its previous value; 

(iii) making both the above alterations ? 

9. Explain the advantage of a booster over a simple motor-generator 
when power is required at a voltage higher than the supply P.D. Give a 
numerical example to illustrate this. 

10. A current of 200 amperes at 150 volts is required from no volt mains. 
Calculate the sizes of machines and the overall efficiency if this is done (a) by 
a motor-generator, {b) by a booster. Assume reasonable values for the 
efficiencies of the machines. 

11. A supply of 200 amperes at 65 volts is required from no-volt mains. 
Find the sizes of machines required if this is got {a) by a motor-generator, 
(b) by a back-booster, (c) by motor and generator in series. Find also the 
efficiency of each arrangement. 

12. Prove that the ratio of the E.M.F.s in a ring-w'ound divided-pole 
machine (Art. 9) is independent of the numbers of the turns under the two 
parts of a pole. 

13. A motor-generator is used for giving power at a pressure higher than 
that of the supply available. What modification is needed to enable the 
same machines to be used as a booster, and what gain (if any) in efficiency 
results ? Illustrate your answer with a numerical example. 

14. Describe a generator to give approximately constant current over a 
wide range of speed, and explain its mode of action. 

15. Explain, wdth diagrams, how the third-brush type of generator tends 
to keep constant the current delivered by it. 



CHAPTER XVII 

TRANSFORMERS 

I. General Principle 

A kansformer consists essentially of two insulated coils sur¬ 
rounding a common magnetic circuit, and supplied with suitable 
terminals. It may be represented diagrammatically as shown ‘in 
Fig. 17.01. 

Alternating current power is supplied to one of the windings, 
called the primary, AA. An alternating flux is thereby produced 
in the magnetic circuit. This flux links with the other winding, 
which is called the secondary, BE. The alternations of the flux 
induce an alternating E.M.F. in BB, of the same frequency 
as the supply to AA. Therefore BB can deliver alternating 
power to any impedance or other apparatus connected to it. 

Making certain assumptions 
(see Art. 2), it can be shown that 
the ratio of the voltages across 
the terminals of the two coils is 
equal to the ratio of the numbers 
of turns in the coils. In actual 
transformers these ratios are very 
nearly equal to each other. 

It is, therefore, possible by 
using suitable numbers of turns, to 
obtain any desired voltage across 
BB, from a supply at any fixed 
voltage. When the primary voltage is higher than that of the 
secondary the apparatus is called a step-down transformer, and when 
the secondary voltage is the higher the title becomes step-up 
transformer. 

It might appear at first sight that a step-down transformer has 
the same effect as the simpler choking coil. This is true, with the 
very important exceptions, (^t) that the reduction of voltage due to 
a choking coil varies greatly with the load in series with it (see 
Chapter V., Art. 14), whereas the voltage given by the secondary 
of a transformer is almost constant if the primary P.D. is constant; 
if}) the power factor is reduced by a choking coil to a considerable 
extent, whereas a transformer under normal conditions has an 
inappreciable effect on the power factor (see Art. 3, Ex. 2). 



Fig. 17.01 .-—Transformer 
Circuits. 
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2. Relations of Turns, Voltages, and Currents 

Neglecting the small effect of the resistance of the primary 
winding, the P.D. applied to the primary terminals is equal and 
opposite to the self-induced E.M.F. in the primary winding. This 
latter varies as the maximum flux, as the frequency (since the 
average rate of change of flux is proportional to this), and as the 
number of primary turns in series. 

Similarly, the E.M.F. induced in the secondary coil varies as the 
maximum flux linking therewith, as its frequency, and as the 
number of secondary turns in series. The frequency is necessarily 
the same as that of the primary supply; hence, if the whole of the 
primary flux is assumed to link with the secondary [i.e. if magnetic 
leakage is neglected). 

Secondary E.M.F. _ No. of secondary turns in series^ 
Primary P.IX ~ No. of primary turns in series 
And if the small effect of the resistance of the secondary is 
neglected, the secondary P.D. is equal to its E.M.F. 

Let = maximum flux, 


/ = frequency in cycles per sec., 

= No, of turns in series in primary, 
TSz = » » secondary. 


Then in half a period the flux is reversed, and so is changed by 


I I 


2j>^. The time of half a period is - • sec.; 
Rate of change of linkages in primary = 




Average E.M.F. induced in primary = - volts; 

Effective value of E.M.F. induced in primary = - volts, 

where k = form factor of E.M.F. wave. 

IT 

For sinoidal waves k = i*ir = —and then 
2V2 

Ej = 4-44/0^^! X 10-8 volts. 

In exactly the same way it can be proved that the effective 
value of the E.M.F. induced in the secondary 
(Eg) = X TO"® ^olts; 



Current Relations 


461 


which for sinoidal waves becomes— 

E2 = 4 ' 44 f 0^752 X 10-8 volts (R.M.S.}. 

If the transformer were of 100 per cent, efficiency, then the 
primary input (Vili cos (f)-^ would be equal to the secondary output 
{V2I2 cos <^2)- Assuming that the two power factors (cos cos 
^2) are equal, this gives V2I2 = W, 

, L V, No. of primary turns in series 

whence ^ = ^— ~—^-r-* 

Vg No. of secondary turns m senes 

And by cross-multiplying:— 

Secondary ampere-turns = Primary ampere-turns. 

Though a number of assumptions have been made in obtaining 
the above relations, they are nevertheless accurate within a few 
per cent, in commercial transformers. The voltage relationship is 
most nearly true when the secondary is unloaded, whereas the 
current relationship becomes more exact as the load is increased 
(see Ex, 2). 


Example l. A iransformer for a primary P.D. of 2000 volts and a 
secondary P.D. of 220 volts has a maximum output of aokVA. There are 65 
secondary turns. Calculate the number of primary tur^is, and the primary and 
secondary full-load currents, neglecting losses. 

HHo. of p rimary turns _ 2000 
65 220 ’ 

•KT j • .L. 2000 X 65 

No. of primary turns 


Or 


„ , ^ 20 X 1000 

Secondary current = 90-9 amperes. 

Primary current = 90-9 x — lo-o amperes. 


Primary current = 


20 X 1000 
2000 


lO'O amperes. 


3. Effects of No-Load Current 

When the secondary is on open circuit the primary acts like a 
choking coil, i.e. it carries a current which lags behind the applied 
P.D. by an angle approaching 90°. If this current is resolved into 
two components (see Chapter V., Art. 13), the one in phase with 
the P.D. depends on the power lost, partly in the primary resistance, 
but mainly in the core due to hysteresis and eddy currents. It 
may, therefore, be termed the iron-loss-current, since the resistance 
loss is usually negligible. 
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The other component, lagging 90°, is the true magnetising 
current, being required to produce the alternating flux, but repre¬ 
senting no waste of power (see Ex. 2). 

When a load is placed on the secondary, the current flowing in 
that winding produces a M.M.F. But with constant primary P.D., 
the formula of Art. 2 shows that the flux must remain constant. 
Hence an additional current flows in the primary to balance the 
secondary ampere-turns. The total primary current is, therefore, 
the vector sum of this balancing current and the original no-load 


current. 

This effect may be represented by supposing an impedance to 
be connected in parallel with the primary winding, and by taking 
the current in the latter to be exactly opposite in phase to the 


secondary current, Ig, and exactly equal to Ig X The impe- 

Oi 

dance is so chosen that it takes a current equal to the no-load 
current when the (constant) primary P.D. is applied, and with the 
same angle of lag (<^0) actual no-load current. 

This impedance (Zq) is called the open-circuit or no-load impe¬ 
dance of the transformer. It is made up of a certain amount of 
reactance (X^), the open-circuit reactance, and some resistance (R^), 
the iron-loss equivalent resistance, coimected in parallel, see Fig. 
17.09 (j). 

The following relations must, therefore, hold good:— 


Iq sin (l)Q In cos 

where = angle of lag of no-load current (see Ex. 4, Art. 9). 

In drawing vector diagrams for transformers it is convenient to 
use different scales for the primary and secondary currents, the 
sizes of the scales being in proportion to the respective numbers of 
turns. If there are more primary than secondary turns, the pri¬ 
mary balancing current will be less than the secondary current in 
the inverse ratio of the turns. But on the above method the 
primary current will be drawn to a larger scale, and so the vectors 
representing the above two currents will be of the same length. 
Similarly, by using voltage scales inversely proportional to the 
numbers of turns, the two voltage vectors will be of equal lengths. 

Fig. 17.02 gives vector diagrams showing the eflects of the 
no-load current for non-inductive and for inductive loads on the 
secondary. In order to simplify matters the effects of the resist¬ 
ances of the windings are neglected until later (Art. 4). 
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Fig. 17.02 .—Effects of No-Load Current. 

(a) Non-inductive loads. ( 1 ) Inductive loads. 

OA = no-load primary current. 

OB = secondary (load) current. 

OB' = doubled secondary current (due to increased load). 

OC = primary current to balance OB. 

OD = total primary current with current OB in secondary. 

OC' = primary current to balance OB'. 

OD' = total primary current with current OB' in secondary. 

OEi = primary applied P.D. 

OE2 = secondary induced E.M.F. 

OF = true magnetising current. 

OG = iron-loss current. 

An examination of these diagrams shows the following points:— 

(i) The primary current always exceeds the value (^l2 X — j 

given by the simple theory. But the amount of excess diminishes 
as the load increases, and the percentage excess diminishes still 
faster. The only exception is when the secondary load is so highly 
inductive that the angle of lag (^g) of the secondary current is 
equal to the angle of lag (EjOA) of the no-load current. In this 
very unusual case the excess of the primary current is constant, 
and so the percentage excess still diminishes with increase of load. 
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(ii) The greater the value of ^63 (up to equality with ^ 

the less rapid the diminution in the excess of the primary current. 

(iii) The angle of lag of the primary current (= = /. EjOI)) 

is always greater than the angle of lag of the secondary current. 
But the additional lag diminishes with increase of load, so that at 
large loads the two angles become nearly equal. 

(iv) The greater the value of 02 the less the difference between 
the two angles of lag. 

Example 2. A 40 k VA. transformer. 2000V to 2 0ov, takes a no-load current 
of O’54 A, and then absorbs 380 watts. 

[а] Find the components of the no-load current. 

(&) Find the values of the primary current with 2 per cent., 4 per cent 6 per 
cent., and 10 per cent, of full load on the secondary, cos <j> = i; and the corre¬ 
sponding values of the primary power factor. 

(c) Repeat {b), but with cos p = 0’6. 

[N B.—The outputs of transformers and of alternators are stated in 
kilovolt-amperes, not in kilowatts, because the heating of the coils depends 
on the magnitude of the current, and not on its phase relative to the voltage.] 

{a) Iron-loss current = Iq cos ^ = o*iq A • 

Vi 2000 ■* 

magnetising current = 'v/{* 54 ® - *19^} 

= Vhs X -35} = 0*51 A. 

(б) Full-load secondary current = ^oo A. 

2 per cent, of full load — 4 A. 

Primary balancing current (OC, Fig. 17.022) = 4 x asnff = 0-4 A. 

Total primary current (OD) = ^{(OC -f OG)^ -p OF®} 


= 0*78 ampere. 

Similarly, at 4 per cent, of full load, OC = o-8 A. 

3-ud OD = Vffo'S -r 0-19)2 -j- 0-51®} = 1*11 A. 

At 6 per cent, of full load, OD = ^{(1-2 + 0-19)2 -j. 0-51®} = 1-48 A. 

At 10 per cent, of full load, OD = V{(2*o -f 0-19)2 q. 0-51®} = 2-25 A. 

^ Evidently as the load increases OD approximates to (OC 4- o-iol see 

Fig. 17-03. V r y;. 


The values of cos 4, are (^=) 076; (^=) o-Sg; 0-94: and 0-97. 

(c) The values of OC are as in {&), but cos /_ £^00 = cos Po = o-6. 
Further, sin = ^/{i cos®^,} == o-8o. 

Thus at 2 per cent, of full load;— 

Power component of OC = o-6 X 0-4 = 0-24 A. 

Reactive component of OC = o-8 x 0-4 = 0-32 A.; 

.*. Total primary current = V{{o-24 + 0-19)® 4. (0-32 -f 0-51)®} 

= V{(0*43® + 0-83®} = 0-93 A. 
Similarly, at 4 per cent, of full load:— 

Total primary current = ^/{{o^4S + 0-19)® + (0*64 -f 0-51)®} 

= 1-33 A. 
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At 6 per cent.;— 

Total primary current = + 0*19)2 + (0-96 + o-5i)2} 

= 1*73 A. 

At 10 per cent:— 

Total primary current = y{(i*2o 0*19)2 -f- {i-6o + 0-51)2} 


The values of cos are 



Note hovT cos approaches the value of cos ^2 load increases, and 
that the approximation is more rapid with non-inductive loads, though the 
angles differ more. 



Fig. 17.03.—Variation of Primary Current with Load. 

4. Effects of Resistances of Windings 

The resistance of the secondary winding absorbs part of the 
E.M.F. induced in the secondary, and so makes the P.D. at its 
terminals less than the E.M.F. With a non-inductive load the 
P.D. is equal to (Eg — I2R2) volts 
where I2 = secondary current in amperes, 

and Rg = resistance of secondary in ohms. 


E. E., VOL. I. 


30 
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With an inductive load the same formula holds provided the vector 
difference is taken (see Fig. 17*04). 

The primary resistance on the other hand causes the primary 
P.D. to exceed the primary E.M.F. because the P.D. must drive 
the current through the resistance in addition to balancing the 
E.M.F. If the primary current were in phase with the voltage 
(i.e. with non-inductive load and negligible no-load current) the 
primary P.D. would he equal to (E^ -}- IiRJ volts. 

In the usual case when is not zero this is true (as in the case 
of the secondary) if taken vectorially. 

The two effects are similar to those occurring in a D.C. generator 
(for secondary) and motor (for primary) respectively (cf. Chapter 
X., Art. 7, and Chapter XI., Art. 2). 



Both resistances reduce the secondary P.D. for a given primary 
P.D. With both currents in phase with their respective P.D.s:— 

^2 ^2 ^2 d" 12^2 ■ 

^ e; Vi ~ i^r/ 

and so the ratio of secondary P.D. to primary P.D. is less 

than the ratio of the number of turns in the respective windings. 

With inductive loads the above must be taken vectorially, and 
so the effect is as shown in Fig. 17.04. 

OA = secondary current. 

OB = secondary E.M.F. 

CB = IgRg, and is parallel to OA. 

OC = secondary P.D. 

OD = primary current. 

OE = primary P.D. to balance induced E.M.F. 

EF = I^R^, and is parallel to OD. 

OF = total primary P.D. 
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IB this diagram ~ 

and so the vectors OB and OE are equal in length, but are drawn to 
different scales (see Art. 3). Moreover, EOB is a straight line. 
BC is the resistance drop in the secondary, and OC, the vector 
difference of Eg and I2R2, gives the secondary terminal P.D. (V,). 
Similarly EF is the resistance drop in the primary, and OF, the 
vector sum of OE and I^Ri, is the primary terminal P.D. Hence 
as before both resistances reduce the value of the ratio (Vg/Vj). 
But if the current is kept constant an increase in the angle of its 
lag diminishes the amount of this reduction (see further Art. 13 
and Ex. 7). 


5. Equivalent Resistance 

A reduction in the primary E.M.F. equal to IiRi causes a 



Fig. 17.05. —Effect of Equivalent Secondary Resistance. 

approximately equal to ^2 the approximation becoming 

closer as the currents (and so the voltage reduction) increase (see 
Ex. 2). Therefore the reduction in the secondary E.M.F. is equal 
to IgRi X Consequently the drop in the secondary 

terminal P.D. due to the resistances of both the windings is 

= l2{Rl(W»l)^ + R2}. 

The expression inside the brackets { } is called the equivalent 
secondary resistance, because a resistance of this amount in the 
secondary circuit, with no resistance in the primary circuit, gives 
very approximately the same drop as the two actual resistances. 

This applies whether the currents are in phase with the voltages 
or not, except that in the latter case, as before, the drop must be 
taken vectorially. The vector diagram simplified in this way is 
shown in Fig. 17.05. 
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OA = secondary current. 

OB = secondary E.M.F. 

CB = I2 X equivalent secondary resistance, and is parallel 
to DOA. 

OC “ secondary terminal P.D. 

OD = primary current. 

OF = primary applied P.D. 

= BO. 

Note that CB in Fig. 17*05 is equal to (CB -j- FE) in Fig. 17.04, 
and therefore the relative magnitudes and phases of OC and OF are 
the same in the two diagrams. 

Another way of obtaining the equivalent secondary resistance 
is to consider the copper losses. These amount to (Ii^Ri + 12 ^ 1 ^ 2 ) 
watts. But = I2 X (^2/^1) approximately; 

copper losses = + R2} 

= (secondary current)^ x equivalent secondary resistance. 

Thus the copper losses are given approximately by the single 
equivalent resistance in place of the two actual resistances. 

If preferred a single equivalent primary resistance = Ri + 
(^1/^2)^ Rg may be used as an alternative in both cases. 

Example 3. A so kVA. transformer, 2ooov to 230V, has a primary resist¬ 
ance of 1-05 ohm and a secondary resistance of 0-0130 ohm. 

Find the equivalent secondary resistance, the total resistance drop at full load, 
and the copper losses at full locd. 

Equivalent secondary resistance = 1-05 -f 0-0130 ohm 

= *0139 4- -0130 ohm 
= -0269 ohm. 

[Note that this is roughly double the actual secondary resistance. A 
similar result -will always be obtained because for equal current density, 
(cross-section of primary/cross-section of secondary) = TS^jTSi, and for equal 

lengths of mean turn, (length of primary/length of secondary) = ; 

= (!;)'■ ^ (|;)' = ^ approximately.] 

Full load primary current, neglecting effect of no-load current = -®2°o°o°o°' = ^ 5^1 
Drop in primary resistance =i5X i'05 = i5-8V. 

This reduces the secondary E.M.F. by 15-8 x 2¥o°o = V. 

-Full load secondary current = -§§§- = 130.A.; 

.*. Drop in secondary resistance = 130 x 0-0130 = 1-69 V.; 

Total resistance drop = 1-82 -f 1-69 = 3-51 volts. 

Copper loss at fuU load = 152 x 1-05 + 1302 x 0-130 
= 456 watts. 

Or, using the equivalent secondary resistance, 

Total resistance drop = 130 x -0269 = 3-50 volts. 

Copper loss at full load = 1302 x -0269 = 455 watts. 

The small differences are due to approximations in the course of calculation. 
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6 . Magnetic Leakage 

Up to this point it has been assumed that the whole of the flux 
links with all the turns in both windings. This is not true, as some 
of the lines instead of passing round the main iron magnetic circuit 
will take various shorter paths, which, how^ever, are of higher 
reluctance since a large part of these is through air or other non¬ 
magnetic materials. 

The effects of this magnetic leakage can be studied conveniently 
by dividing the flux into three main components: 

[a) The common flux, i.e. that which links with both primary 
and secondary windings. 

(£) The primary leakage flux, i.e. that which links with the 
primary winding only. 

(c) The secondary leakage 
flux, i.e. that which links 
with the secondary winding 
only. 

The main paths of these 
three fluxes are shown dia- 
grammatically in Fig. 17.06. 

In an actual transformer the 
two windings are placed on 
the same or neighbouring 
parts of the iron, but leakage 
still occurs in what is essen¬ 
tially the same manner. 

Evidently the actual 
primary flux is the vector sum of the primary leakage and common 
fluxes, and a similar relation holds for the actual secondary flux. 

Each leakage flux is produced by the M.M.F. of the corresponding 
winding. As their paths are largely in air the reluctances are very 
nearly constant. Hence the primary leakage flux is proportional 
to and in phase with the primary current, and similarly for the 
secondary. Thus these fluxes increase with load, whereas the 
common flux remains nearly constant. Moreover, since the 
primary ampere-turns and the secondary ampere-turns are nearly 
equal the leakage fluxes will be so too, because the reluctances of 
their paths are necessarily fairly equal. 

The common flux is due to the resultant M.M.F. of the primary 
and secondary ampere-turns, which are almost opposite in phase 
(see Art. 3). 



Fig. 17.06. —Leakage Fluxes. 
A A, Primary terminals. 

B B, Secondary terminals. 

.Common flux. 

--Primary leakage flux. 

— Secondary leakage flux. 
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The vector diagram as modified by magnetic leakage can now 
be constructed as follows:— 

Let OA (Fig. 17-07) represent the common flux. Then OB, 
lagging 90°, represents the E.M.F. induced in the secondary by this 
flux. And OC, equal and opposite to OB, represents to a different 
scale the P.D. applied to the primary to balance the E.M.F. induced 
in it by this same flux. 

Let OD represent the secondary current. Then the secondary 
leakage flux is given by AE, proportional and parallel to OD. 
Hence the actual secondary flux is OE, the vector sum of OA and AE. 

The total E.M.F. induced in the secondary is OF, perpendicular 
and proportional to OE. And BF is the E.M.F. due to the leakage 



flux alone, and so is perpendicular to and proportional to AE, and 
therefore to OD. The triangle OBF has its sides perpendicular to, and 
proportional to, the corresponding sides of OAE; so they are similar. 

OG, equal and opposite to OD, gives to a different scale the 
part of the primary current to balance the magnetic effect of the 
secondary current. GH, parallel to OA, represents the magnetising 
current required to produce the common flux OA, Then OH is 
the total primary current, neglecting iron losses. 

The primary leakage flux AK is parallel and proportional to 
this, and the actual primary flux is OK. 

The primary P.D. required is therefore changed from OC to 
OL, perpendicular to OK, by the addition of the component CL, 
perpendicular and proportional to AK and therefore to OH. The 
triangle OCL is similar to the triangle OAK. 
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7. Effects of Magnetic Leakage 

The following deductions can be made from a study of the above 
diagram:— 

{a) The two leakage fluxes produce similar effects. This is 
because (especially when large) they are almost opposite in phase 
considering the iron circuit, and therefore are almost in phase in 
the air portions of their paths (see Fig. 17-06). Therefore their 
effects may be dealt with together. 

[b) One effect is an increase of the primary angle of lag (^J 
compared with that of the secondary load For fixed values 
of the currents this effect is greatest when the angles of lag are small, 
since then BF and CL are nearly perpendicular to OB and OC. 

[c) With lagging currents, magnetic leakage reduces the ratio of 
secondary P.D. to primary P.D. For fixed values of the currents 



0 L = primary applied P.D. = NO. C L. = primary leakage P.D. = NB. 

M C = secondary leakage E.M.P. = BF. M 0 = secondary terminal P.D. = 0 F. 

this effect is greatest when <j>2 = 90°, since then BF is in the opposite 
direction to OB, and CL is in the same direction as OC. 

{d) The effects are the same as would be produced by suitable 
reactances in the primary and secondary circuits. For the voltages 
(CL and BF) are proportional to, and 90° out of phase with, the 
respective currents. These reactances are called the leakage 
reactances. 

(e) Neglecting the influence of the no-load current, which 
becomes of less importance as the secondary current (and so the 
leakage) increases, the two leakage fluxes (AK, AE, Fig. 17.07) are 
opposite in phase, and the voltages (CL. BF) are in phase. They 
may therefore be replaced by a single leakage flux, represented by 
EK if taken in the primary or by KE if taken in the secondary. 

Similarly the voltages may be replaced by a single voltage, 
either ML (Fig. 17.08) in the primary, or FN in the secondary. 
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These are equal in length, but drawn to the primary and secondary 
voltage scales respectively. 

Hence the two leakage reactances may be replaced by a single 
equivalent leakage reactance^ placed in either the primary or 
the secondary circuit. 

If Xi and X2 are the primary and secondary leakage reactances 
then:— 


Equivalent secondary leakage reactance == Xg + 



and primary 

The above expressions can be proved true in the same way as in 
the first method of obtaining the equivalent resistances (Art. 5). 
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8. Equivalent Circuits 

Summarising the above results (Arts. 3-7) the' behaviour of 
transformers can be represented by one of the following equivalent 
circuits (Fig. 17.09). Diagram {a) gives the exact representation. 
In diagram {b) a scheme is shown which gives results very nearly 
exact, sufficiently so for all practical purposes in power trans¬ 
formers. 

A similar scheme can be made with the equivalent resistance 
and leakage reactance in the primary circuit instead of in the 
secondary. In all three cases the transformer itself is an ideal 
one, i.e. it alters the voltage in the exact ratio of the numbers of 
turns, and the current exactly in the inverse ratio. AJl the actual 
departures from these are given by the effects of the resistances 
and reactances. 

A simpler equivalent circuit is shown in (c). The values of 
diagram [a) are treated in one of the two following ways:— 

(i) The actual load current Ig is replaced by an equivalent load 

current Ig X 

Then ^ AC =- Rj; kV = Xj 

CC^ = Rq and Xq in parallel 

CB = Rj X C'B' = XjX (?i)' 


and the P.D. across BB' is then equal to 

/XSi 

(actual secondary P.D.) x 


Or:—(ii) The actual load current and secondary P.D. are 
retained; and CB == Rg; C'B' = Xg. 

But AC = Ri X ; A'C' = Xi X ; and CC' is made 

up of Rq and Xq, each multiplied by . Then the P.D. across 

A A' = (primary P.D.) X and the current flowing at A and A' 



As in the case of circuit {a) the latter arrangement may be 
replaced with little loss of accuracy by that of Fig. 17.09 (^?), the 
impedance across CC' being unchanged. 
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Similarly a simplified version of Fig. 17-09 (c) on method (i) can be 
made, using the equivalent primary resistance and leakage reactance. 

9. Open Circuit Test 

The values to be assigned to the various equivalent circuits can 
be obtained in an actual transformer by direct measurement. 

One of the tests necessary for this purpose consists in applying 
to the primary winding a P.D. of the full magnitude, and of the 
normal frequency at which it is to work. 

The secondary is left on open circuit (the test is known as the 
open circuit test), but a voltmeter may be connected to its terminals 
for testing the ratio of the numbers of turns. The current and 
power supplied to the primary are measured by an ammeter and a 
wattmeter. The latter gives the iron losses, since the copper losses 
under these conditions are negligible in the primary and nil in the 
secondary. 



S S, Supply at normal P.D. and frequency. 

The ammeter reading gives the no-load current, and this can be 
split up into its two components by the method shown in Ex. 2, 
Art. 3. 

Then, the equivalent open circuit impedance 

= (primary volts)/(primary current) = YJIq = Z^. 

The resistance component (R^) of this impedance 
= volts/(iron-loss current). 

And the reactance component (XJ — V^/Io sin 

■ Example 4. From the figures given in Example 2, determine the equivalent 
open circuit impedance, etc. 
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10. Short-Circuit Test 

The short-circuit test is the second of those by which the equiva¬ 
lent circuits can be determined. The secondary winding is 
short-circuited through an ammeter, which may be omitted if the 
ratio of the numbers of turns in the windings is known. The pri¬ 
mary is supplied at normal frequency, but with only a small 
percentage of its normal P.D. This P.D. is adjusted until the full 
load current flows in the secondary (though other values may be 
used as a check). The P.D., current, and power supplied to the 
primary are then observed. 

Since the P.D. required is small the flux is correspondingly 
small, and the iron losses are a stiU smaller percentage of their 
normal value and so may be neglected. The wattmeter reading 
therefore gives the full-load copper losses together with the power 
used in the secondary ammeter and its leads. 



Fig. 17. II. — ^Short-Circuit Test. 


On referring to Fig. 17*09(&) or [d) it will be seen that:— 
Equivalent secondary resistance ammeter resistance 

Watts supplied 
(Secondary current)^ 

Further, owing to the reduced value of the no-load current at 
the reduced P.D., the angles of lag in the primary and secondary 
are very nearly equal. The value of the primary angle of lag can 
be obtained from the readings, and used to find the equivalent 
secondary leakage reactance. 

Example 5. The transformer of Example 2 {40 kVA. 2 ooo'’ to 200'’) with its 
secondary short-circidied through an ammeter of -0012 ohm resistance, includhig 
that of the leads, carries 200 A. in its secondary when a P.D. of 78 volts is 
applied to its primary which takes 20 A. and 370 watts. Find Us equivalent 
secondary resistance and leakage reactance. 
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Equivalent secondary resistance -j- ammeter resistance 

= = *00925 ohm; 

(200)2 ^ ^ 

Equivalent secondary resistance = ‘00925 — *0012 = *00805 ohm. 

<k = 76•3^* tan <l>^ = 4-10 

/ ^ » Vi — cos® ‘972 . 

(or directly:-tan 4, = ■ - --^-— = 4'io); 

/. Equivalent secondary leakage reactance = 4-10 x -00925 = -0379 ohm. 

/ 2000^2 . — 

[N.B.—The equivalent primary values are “ j times as great, i.e. Rj 

= -805 ohm, Xi = 3‘79 ohms. The smallness of these compared with 
Xo (see Ex. 4, Art. 9) shows how little inaccuracy is introduced by neglecting 
the effects due to the no-load current flowing through the primary winding, 
i.e. by using the (&) or {d) equivalent circuits in place of the {a) or (c) ones in 
Fig. 17.09.] 

II. EfSiciencies 

The losses in a transformer consist of (a) the copper losses in 
the two windings, and (b) the hysteresis and eddy current losses in 
the iron. The total under (a) is given by the short circuit test, 
and includes the loss due to eddy currents in the copper. This 
method of testing is, therefore, preferable to measuring the resistance 
by D.C. methods, since the additional loss due to these eddy 
currents frequently amounts to as much as 15 per cent, of the pure 
resistance loss. 

The total iron loss is given by the open-circuit test, and remains 
practically constant at all loads when the primary supply is at 
constant P.D. 

[N.B.—The approximate constancy of the iron losses arises from the fact 
that, with constant applied P.D., the E.M.F.s are constant apart from the 
small resistance drop, and hence the magnetic flux is very nearly constant 
(see Art. 2).] 

The efficiency at all loads can, therefore, be calculated as shown 
in the following example:— 

Example 6. Find the efficiency at i, f, I, and full load of a 30 kVA. 
transformer whose full load total copper losses are 460 watts, and total iron losses 
220 watts, [a] on non-inductive loads, (6) on loads for which cos p = 0-6. 

(a) The iron losses are constant, and the copper losses vary as the square 
of the load, thus:— 

At , I f i i tV full load 

Copper losses — 460 259 115 29 5 watts 

Total losses = 680 479 335 249 225 watts 

Output 30 000 22 500 15 000 7 500 3 000 watts 

^,3. . ^ output losses 

cie cy ~ _j_ i^gsgg ~ ^ output -f- losses 
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Fig. 17.12.—Transformer Efficiencies. 


giving:—97*8 per cent., 97*9 per cent., 97*8 per cent., 96*8 per cent., and 
93-0 per cent, respectively. 

(6) The losses at each fraction of full load remain as above, but the outputs 
in watts are reduced to o*6 of former values, viz. to 18 000,13 500, 9 000,4 500, 
and 1800 watts respectively; 

Efficiencies = 96*4 per cent., 96-6 per cent., 96-4 per cent., 94'S per 
cent., and 88*9 per cent. 

From these results the efficiency curves have been plotted in Fig. 17.12. 

It will be noted that in the above example the maximum efficiency occurs 
at a load below full load. The efficiency of any transformer may be written:— 


Vaig cos <^3 


YgL cos ^2 + y 1^2 -f Wo 

+ Wq 


(putting Wq for iron loss in watts) 


Valgcos + VRa + Wo 
_£2_. 

- Wft 

Va cos ^2 -{- IgRa + -f- 


Since ^ x I2R3 ■ WoRg = constant, the numerator of the fraction is a 


minimum when = I2R2 M- Chap. XVIII., Art. 10), i.e. when W q — loRg", 

i.e. when the copper losses are equal to the iron losses. And is a constant, 
therefore the maximum efficiency for a fixed value of the power-factor occurs 
nearly at the load which makes the copper losses equal to the iron losses. 
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In the above example the two losses are equal at the fraction {V ||§ =) 0-69 
of full load = 207 kVA. This gives an efficiency of 


20700 

-i-- 97*02 

20700 + 220 -f 220 

per cent, at unity power factor; Le. very slightly greater than the efficiency 
at f-load. 


12. Inherent Regulation of a Transformer 

The inherent regulation of a transformer is the change in the 
secondary terminal P.D. between no load and full load, with con¬ 
stant P.D. applied to its primary terminals. 

This is expressed usuily as a percentage of the secondary P.D. 
at no load. 

On considering the equivalent circuits shown in Fig. 17.09 (b), it 
will be seen that the regulation at any power factor can be obtained 
from a vector diagram as shown in Fig. 17.13. OA represents the 
full-load secondary current, OB the secondary terminal P.D. 

BC = I2R2 9iid is parallel to OA, and so represents thewltage 
drop across the equivalent secondary resistance. CD == I2X2, and 
is perpendicular to OA, and so represents the voltage drop across 
the equivalent secondary reactance. OD, the vector sum of OB, 
BC, and CD, then gives the total E.M.F. in the secondary equivalent 
circuit. Since the primary P.D. is kept constant, OD has a constant 
known value. The regulation is the arithmetical dif erence between 
OD and OB. 


If OA is kept fixed and ^2 varied, D lies on a circle with 0 as 
centre. BC and CD remain constant in length and move parallel 
to themselves, consequently B lies on an equal circle with centre at 
O', where 00 ' is equal and parallel to DB. 


These two circles are drawn 



Fig. 17,13.— Regulation Diagram. 


in Fig. 17.14. If OB is produced 
to meet the other circle in E, 
then OE = OD, therefore BE = 
OD — OB == the regulation. Thus 
the variation of regulation with 
angle of lag can be found by 
drawing OBE in various positions. 

An inspection of the figure 
shows that as the angle of lag 
increases the regulation increases, 
reaching a maximum when OB is 
in Hne with O'O, i.e. when 
— internal angle of lag {/_ DEC). 
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This maximum value is equal to O'O or BD. For still greater 
angles of lag the regulation diminishes again. 

With leading currents the regulation diminishes as the angle of 
lead increases, and becomes zero when <^2 = Z AOF. Beyond this 
the regulation becomes negative, i.e. the terminal P.D. rises when 
the load is applied. This somewhat surprising result is due to the 



capacitance of the load 
counteracting the reactance 
effect of magnetic leakage, 
and so producing a certain 
amount of resonance. With 
a purely capacitance load the 
amount of this increase of 
P.D. is very nearly equal 
to DC. 

The triangle OFO' is isos¬ 
celes and so the perpendicular 
from F on to 00 ' bisects the 
latter. Therefore AOF is 
a little greater than /_ CDB. 



e c 


Fig. 17.14— Two-Circle Diagram Fig. 17.15.— Approximate 

FOR Regulation. Regulation. 


J.e. the regulation is zero for an angle of lead which is equal to 
(90° ~ internal angle of lag), approximately. 


13. Approximate Method for Regulation 

The two-circle construction is valuable for showing the general 
way in which regulation varies with But since in the usual type 
of commercial transformer BC and CD are very small compared 
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with OB, the construction is not suitable for obtaining the 
regulation accurately. 

If BD is small in comparison with OD, the arc DE may be 
replaced with very little error by the perpendicular DN from D 
on to OB produced (Fig. 17.15). BN then gives the regulation. 
As ^2 changes, N moves on the circle whose diameter is BD. By 
drawing this circle the regulation can be found readily for various 
angles of lag. 

If CM is drawn perpendicular to BN, 

Regulation in volts = BN = BM + MN = BC cos ^2 + CD sin ^2 
= I2 (Ra cos ^2 + X2 sin 

Or- Percentage regulation = r cos 9^2 + ^ 

1 , . , , I2R2 X 100 

where r = percentage resistance drop = —^ -* 

X = percentage reactance drop = 

^2 

Example 7. Plot the regulation against the power factor for a transformer 
with a resistance drop of 2^ per cent,, and a reactance drop of 4 per cent. 


Cos p 

Sin P 

2-5 cos p 

4 SIN p 

Regulation 
Pee Cent. 

i-o 

0 

2*5 

0 

2-50 

0-95 

0-312 

2-375 

1-248 

3.62 

o >9 

0-436 

2-25 

174 

3'99 

0-8 

o-6o 

2*00 ! 

2-40 

4-40 

0-6 

0'8o 

1-50 

3-20 

470 

0-4 

o-gij 

I'O 

3.67 

4-67 

0-2 

0-98 

0-5 

3-92 

4-42 

0 

I-O 

0 

4 

4-00 


Sin can be obtained from a tab le of sines and cosines, or by using the 
relationship; sin ^ = Vi — cos^ 

The maximum regulation (see Art. 12) occurs when tan ^ ^ = i-do. 

This makes cos ^ = -530, and sin p — *848; 

Regulation = 2-5 X -530 + 4 x -848 
= 472 per cent. 

Or alternatively: Regulation = -l 4®} 

= V22’25 


= 472 per cent. 

These results are plotted in Fig. 17.16. 

Since the reactance drop is always greater than the resistance drop, the 
maximum error due to the use of the approximate formula occurs when 
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^ 5=: 0. By drawing the vector diagram for this case, and using the Binomial 
Expansion, it can he shown that a closer approximation is given by;— 

Regulation at unity power-factor s= per cent. 

H.g. in the above example the regulation for cos ^ = i, is 2*58 per cent. 

14. Test for Transformers for Parallel Working 

When two or more transformers are to be connected in parallel, 
it is necessary for satisfactory working that their ratios of trans¬ 
formation shall be the same; and, further, that their full load 



Fig. 17,i6.-“Variation or Regulation with Power -Factor. 

regulations shall be equal at all power-factors. If the latter con¬ 
dition is not satisfied the load will not be divided correctly between 
the transformers, those with large values of regulation taking less 
than their share if the no-load voltage ratios are equal. 

If the no-load ratios differ, the transformer with the higher 
secondary voltage will supply power to the secondary winding of 
the other transformer, whose primary will return part of the 
additional power taken by the primary winding of the first trans¬ 
former. These circulating currents cause additional copper losses. 

E. E., VOl, I, 


31 
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The closeness with which the above conditions are satisfied in a 
pair of transformers, whether of the same or of different outputs, 
can be tested by connecting them as shown in Fig. 17.17, 

Their primary windings, (P^, Pg) are connected in parallel to a 
supply at normal P.D.; thus any small variations in this affect 
both transformers equally. The secondary windings (S^, Sg) are 
connected to equal loads. One terminal of is connected to the 
corresponding terminal of Sg. The other two terminals are joined 
to a low-reading voltmeter, which thus gives directly the difference 
between the two secondary P.D.s. Care must be taken not to 
connect one of the secondaries the reverse way, as in this case the 
sum of the P.D.s will be applied to the voltmeter. 

The reading of the voltmeter is taken with both secondary 
switches open. If the transformation ratios are equal the reading 



Fig. 17.17.— Test for Equality of R.mos. 


will he 2ero, and in other cases the reading shows the extent of the 
difference between the ratios. 

The experiment is then repeated with the switches closed and 
equal loads (Lj, Lg) on the secondaries. Both non-inductive and 
highly-inductive loads should be used, and the voltmeter readings 
again show any differences in the transformation ratios. 

The same connexions may be used to measure the amount of 
the regulation of either transformer. If the voltmeter reads zero 
with both switches open, then its reading with one only of-the 
switches closed gives the regulation of the loaded transformer. It is 
important to notice, however, that the voltmeter gives the vector 
difference between the two secondary P.D.s, and so it is the 
maximum value of the regulation that is obtained, i.e. BD in 
Figs. 17.13 and 17.15, 

If the open circuit reading is not zero, a correction must be made 
for the difference between the two open-circuit PD.s. When the 
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loaded transformer gives initially a higher P.D. the correction is 
additive, and when it gives the lower open-circuit P.D. the volt¬ 
meter reading on load must be reduced to obtain the regulation. 
A simple way of testing which is to be done in any particular case 
is to apply the load gradually. If the voltmeter reading diminishes 


Fig. 17.18.— Types of Transformers. 


first and then increases, an addition must be made to the final 
reading; whereas if it steadily increases with the load, the final 
reading is higher than the regulation. 

Since the open circuit P.D.s are in phase, whereas the P.D. of 
the loaded transformer is out of phase with the P.D. of the unloaded 
one, the correction must be made vectorially, not arithmetically. 


(6) Shell Type (i\lETRO- 
pOLiT.\N Vickers). 


[ a ] Cope Type by Ferranti. 
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This requires a knowledge of the angle of lag (^) of the load current, 
and the internal angle of lag ( 0 ), viz. BDC in Figs. 17.13 and 
17.15. If these are known it can be shown that approximately:— 
maximum regulation = Vl i Vq cos — ^), 
wHere = voltmeter reading with one transformer on load, 

Vq = voltmeter reading with both transformers on open 
circuit. 

The positive or negative sign is determined by the method given 
above. 





Fig. 17.19.— Berry Transformer. 

A, High pressure coils. B, Ventilating ducts. C, Low pressure coils. 

DD, Iron stampings. E, “ Earth ’’ shields P, Intercore ventilating spaces. 

G, Leads. H, Core spacing hlochs. K, Core band. 

L, Internal core'iing. 

15. Types of Transformers 

Transformers may be divided into two main types, according to 
their method of construction. In the core type the magnetic circuit 
is to a large extent covered by the coils, which are themselves mostly 
freely exposed [see Fig. 17.18 (a)]. 

In the shell type the reverse is the case, i.e. the iron of the 
magnetic circuit covers a large part of the coils, and is itself mostly 
freely exposed [see Fig. 17.18 (&)]. 

Further sub-divisions may be made according as the electric 
circuit is circular or rectangular, and according as the magnetic 
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circuit is circular or rectangular (this does not refer to the cross- 
sections of the circuits). 

Thus Fig. 17.18 (a) is a rectangular core type mth circular coils; 
and Fig. 17.18 [b) is a rectangular shell type with rectangular coils. 
Fig. 17.19 is a rectangular shell type with circular coils (Berry 
transformer). 

A simple iron ring of rectangular section, with wires wound 
directly on it, is a circular core type with rectangular coils. 

Another distinction may be made according to the arrangement 
of the coils. These may be either one inside the other (‘' concen¬ 
tric *’), or one over the other so as to give the same mean length of 
turn. In this case they are often divided into several portions 
placed alternately, and are then called “ pancake coils ’’ from their 
shape. 



Area occupied = Area occupied = 

(a) Cruciform, (b) Three-stepped. 

Fig. 17.20. -Stepped Cores. 


Even with concentric coils the high pressure winding is fre¬ 
quently divided into a number of sections with insulation between. 
The object of this method of construction is to reduce the voltage 
between successive layers, by reducing the numbers of turns in each 
layer. In this way the necessity that w’ould otherwise arise of 
putting insulation between successive layers, in addition to the 
covering of the wires, is avoided, and in suitable cases space can be 
saved and a cheaper design produced. 

16. Transformer Cores 

The core is built up of thin laminated plates to reduce the eddy 
current loss. If these are of pure iron, the thickness for fifty 
cycles per sec. is about 14 mils (0-35 mm.), but when alloyed iron 
(see Chapter XII., Art. 3) is used, the thickness may be increased 
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to 20 mils (0'5 mm.). For 25 these may be increased somewhat, 
say to 18 mils (0*45 mm.), and 24 mils (0-6 mm.), respectively. 

In the core tyfe a rectangular section of core is most convenient, 
but circular coils are easier to wind, and give the shortest length of 
turn for a given area enclosed. But a rectangular section core 

inside a circular coil cannot occupy more than ^ '637 of the 

space available, this being the fraction occupied by a square core. 
A compromise often employed consists in building up the core 

of plates of two differ¬ 
ent widths, thus form¬ 
ing a cruciform core. 
Fig. 17.20 (a) shows 
the best dimensions to 
adopt for this; when 
these are used the space 
occupied (including 
that of the insulation 
between laminations) 
is 79 of the total 
available, i.e. nearly 
25 per cent, increase 
over that occupied by 
a square core. 

A 3-stepped core 
[Fig. 17.20 [b)] of the 
dimensions shown occu¬ 
pies *85 of the avail-’ 
able space, so that 
Fig. 17.21.-— Imbric.\ted Three-Phase Core usually the additional 
WITHOUT Coils and Yoke. iron is not worth the 

further complication 

produced, except in very large transformers. 

Generally the core is built in two parts, so that the coils can be 
wound separately and placed in position on the built-up core. 
The second part of the core is then added to complete the magnetic 
circuit, and the two parts clamped together. The joint may be a 
simple " butt ” one, but is much better if " imbricated,” i.e. with 
alternate plates overlapping (see Fig, 17.21 and 17.22). 

In Fig. 17.21 the core is a 3-stepped one, and so there are three 
different heights of plates. But in addition each alternate plate 
rises only to the bottom of the yoke. Similarly the yoke is built up 
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alternately of strips going across 
the Ml breadth, and of two pieces 
fitting between the cores. In Fig. 

17.22 an imbricated yoke is shown 
in position: the coils in this case 
are rectangular, but the core is 
stepped shghtly to round off the 
corners of the coils. 

An alternative method sometimes 
used for small sizes is to cut through 
the core plates at aa (Fig. 17.23), 
and bend back the portion aabh. 

Each plate is then threaded through 
the coils, and the bent portion then 
straightened. The alternate plates 
are put through with their sides 
reversed, so that the joints aa come 
alternately right and left. 

In some cases the yokes, i.e. 
the top and bottom portions of 
the iron, are made of larger cross- 
section than the hmbs {e.g. double). 

This reduces the losses in the yokes, 

and enables the limbs to be run at a higher flux-density than 
with uniform cross-section without causing excessive iron loss 
or excessive magnetising current. The extra output thereby 
obtained makes the extra cost of the iron worth while in 


Fig. 17.22. —C0.VIPLETED AIoxo- 
PHASE Transformer. 


most cases. 

The flux-densities usually employed, with oil-cooling and 
normal construction, are 12 kilolines to 14 kilolines per sq. cm. 
for 25 and 10 kilolines to 12 kilolines per sq. cm. for 50 
the higher values being used for the larger sizes. 



17. Details of Shells 

The shape of the iron used for the shell 
type is shown in Fig. 17.24, thicknesses similar 
to those for cores being used. 

The dimension e is half of d for equal 
flux-density, since the flux in the latter 
divides into two, half circulating round each 
“ window.” If e is made equal to a 
result is obtained similar to that due to 
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using yokes of double the 
Hmb cross-section in the core 
type (Art. i6). 

When 6 — \d the follow¬ 
ing relationships between 
the dimensions hold good:— 


Usually a is about |6, 
and I is between and 
/ is \d to d, and g is to 
the larger " windows ’’ being 
used with alloyed iron. The dimension c varies more in different 
designs hut generally lies between 2d and 4^. 

By making the shell of E-shaped stampings and straight strips 
the coils can be wound separately. This gives two joints in each 
magnetic circuit, as in the core type with one detachable yoke. 
If the straight piece is put alternately at the top and at the bottom 
the joints are all imbricated, but it is difficult to detach the two 
portions of the shell without disassembling one part. An alternative 
is to make the plates as shown in Fig, 17.25 and to put the long leg 
of the E alternately left and right. The outer joints are then 
imbricated, leaving only the central one a butt joint, and the E's 
can be assembled before placing the coils in position, finishing by 
putting the assembled straight strips in position and clamping the 
two parts together. 

Another method is to cut through the shell-plates in line with 
the sides of the central piece and to bend back the two portions 
above the windows. After placing the plates in position on the 
completed coils the bent parts are straightened. If imbricated 
joints are wanted the cuts must be put alternately at the top and 
bottom. This is easier to assemble than the corresponding con¬ 
struction for the core type since the bent portions do not have to 
be passed through the coils. 

In both shell and core types, if 

the clamping bolts pass through holes ---1-— 

in the iron the holes should be of 
considerably larger diameter than the 
bolts, to reduce eddy currents in 

the latter. For the same reason the - - 

clamps, if pf magnetic material, should _ 

be magnetically insulated from the pig. 17.25.— Shell Plates. 



Fig. 17.24.— Iron of Shell Type. 
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core by non-magnetic packing pieces. Frequently the bolts are 
electrically insulated too as a further precaution. 

18. Methods of Cooling 

The maximum output of a transformer is limited almost entirely 
by the rate at which it can dissipate the heat produced by its losses. 
Now suppose all the linear 
dimensions of a certain trans¬ 
former (A) to be increased 
in the ratio b, keeping the 
flux-density and current- 
density constant. The new 
transformer (B) thus pro¬ 
duced will have its total flux 
and its currents increased to 

X former values. The 
voltage at the same fre¬ 
quency will be increased in 
this same ratio, and so the 
output of B is 6^ X output 
of A. 

But the iron losses, 
being proportional to the 
volume of the iron, will be 
only times as great as 
before. The windings are h 
times as long, and times 
greater in section and there¬ 
fore (ijb) of former resistance. 

So the PR losses are increased 

in the ratio (P)‘ X | = 

The efficiency of B is therefore 
higher than that of A, the 
percentage loss being only 
(1/6) of former value. 

On the other hand the surfaces through which the heat must be 
dissipated increase only as b^. Therefore if the methods of cooling 
are the same the larger transformer will have a larger temperature 
rise. Hence as the size increases more elaborate methods of cooling 
become more valuable and desirable. The alternative is to use a 
larger core and windings, but this would be more costly. 
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For small transformers natural air cooling suffices. As the size 
increases, ducts are provided in both the core and the coils. Another 
step is to provide fan cooling, but the more usual method is to 
immerse the transformer in a tank filled with oil. This has the 
advantage of improving the insulation as well as increasing the 
-cooHng. With larger sizes still the case is ribbed, or provided with 
vertical pipes (see Fig. 17.26), to increase its dissipating surface. 
In this way self-cooled transformers can be made up to outputs of 
.3 000 kVA. where cooling water is not available or is too expensive. 
But the usual limit of output for this type is about 2 000 kVA. 

For the largest sizes, either the oil is pumped through a series of 
pipes cooled by water, or by air; or water is circulated through a 
coil of pipes placed in the top of the tank, thus cooling the heated 
oil as it rises from the transformer. As an additional aid to several 



B 


(^) 

Fig. 17.27. —Comparison of Ordinary and Auto-Traxsformer. 

■of these methods the circulation of the oil may be assisted by a 
pump or fan, so as to carry off the heat more rapidly than when the 
■circulation depends only on the difference between the densities of 
the cold and^the hot oil. 

19. Auto-Transformers 

By combining the secondary of a step-down transformer with 
part of the primary the arrangement shown diagrammatically in 
Fig. 17-27 {b) is reached. This is known as a one-coil transformer or 
auto-transformer. 

It transforms the current and voltage in the same way as the 
two-coil arrangement, and effects a saving of material and a reduc¬ 
tion of losses compared with the latter. 

If transformers of the two types are used to effect the same 
transformation, and have cores of the same size, run at the same 
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fiux-density, there will be no change in the iron losses. The 
voltage per turn will be the same, and so the total number of turns 
in the auto-transformer (A'B') will be equal to the number of turns 
in the primary (AB) of the two-coil transformer; and the numbers 
of turns in the two secondaries (CD and C'D') will likewise be equal 
Let m — V1/V2 = (No. of turns in AB)/(No. of turns in CD). 

Then the number of turns in the parts of the auto-transformer 
which act only as primary, viz. A'C' and D'Bl 


= X (No. of turns in AB). 


Since these carry equal currents the same cross-section of wire 
is suitable. Assuming that the mean length of turn is the same 
since the cores are equal:— 

Volume of copper in A'C' and D'B' 

= f I — —X (vol. of copper in primary (AB) of two-coil trans- 
\ mj 

former). 

Again, the current carried by C'D' is the vector sum of and Ig. 
But since these are nearly opposite in phase, the vector sum is nearly 
equal to the arithmetical difference (Ig — Ij). 

Hence if equal current densities are used the ratio 

(cross-section of C'D'/cross-section of CD) = (I2 — IJ/Ig = i —• 


The numbers of turns in these two are equal and so:— 
Volume of copper in C'D' 

= ^ X (vol. of copper in secondary (CD), of two-coil trans- 

\ mJ 

former). 

Combining the above two results:— 

Total volume of copper in auto-transformer 



X (total vol. of copper in two-coil transformer). 


i.e. saving of copper 


— of total for two-coil. 
ni 


The copper losses in MC and D'B' are similarly equal to 


("i _ of the losses in the primary (AB). 

\ m/ 

The resistance of C'D' is greater than that of the secondary 
(CD) in the ratio ~ smaller section of the 
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former. But as it carries only ^ of the current in CD its 

PR loss is the same fraction of the loss in CD. 

Hence total copper loss in auto-transformer 



X total copper loss in two-coil transformer. 


Actually the saving of copper and the reduction in copper losses 
would be somewhat greater, owing to some diminution in the length 
of the mean turn. Instead, however, of confining the saving to the 
copper, it is better to reduce the iron and the iron losses and save 
less copper. In fact an auto-transformer should be designed as a 
two-coil transformer of primary P.D. equal to (Vj — Vg), and of 
secondary current equal to (Ig — Ii). Its cost therefore is the 

same as that of a transformer of an output equal to of 


the actual output. 

The auto-transformer principle can be used for step-up trans¬ 
formers too, and efects the same saving if m is in this case taken 
as the ratio (Secondary volts/Primary volts). 

The one disadvantage of auto-transformers is that the high 
pressure primary supply is connected to the secondary, and so a 
dangerous shock may be given on the low pressure side in case of a 
breakdown, e.g. if a break occurs in the winding C'D'. The likeli¬ 
hood of this occurring in ordinary transformers is very much less; 
and it can be entirely obviated in them by the use of an “ earth 
shield.” This consists (see Fig. 17-19) of a metallic sheet placed 
between the primary and secondary windings. The shield is con¬ 
nected to the core, and so to earth. A breakdown in the insulation 
between the windings is thus prevented from raising the potential 
of the low pressure side under all conditions. 


QUESTIONS ON CHAPTER XVII 

1. What difference is there between the action of a transformer and of a 
choking coil, and what are their relative advantages ? 

2. The full-load output of a transformer is 80 kVA., its primary P.D. 
6 000 volts, and its secondary P.D. 250 volts. If it has 35 secondary turns, 
calculate the number of primary turns, and the primary and secondary 
currents at full load, neglecting losses. 

3. The sectional area of the core of a transformer is 25 sq. cm. of which 
90 per cent, is iron. There are 200 turns in the secondary winding which is 
required to produce 102 volts at 50 cycles per second on open circuit, and 
there are 2 roo turns in the primary winding. Calculate {a) the P.D. applied 
to the primary terminals; (b) the maximum flux-density, assuming it uniform 
over the iron cross-section of the core. 
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4. A 20 kVA. transforiner with a primary P,D. of i oqo volts and a 
secondary P.D. of 200 volts has an iron loss of 250 watts, and takes 0*70 A. 
with the secondary on open circuit. Calculate the primary currents at i per 
cent., 3 per cent., 6 per cent., and 10 per cent, of full load (a) on non-inductive 
load, {&) on loads of power-factor 0*7. 

Plot these currents and | of the secondary currents against the load, and 
state any deductions which can be drawn from the curves. 

5. Upon what factors does the no-load current of a transformer depend ? 
Treat the magnetising and iron-loss currents separately, and state how the 
total no-load current depends on these two. 

6. A 50 kVA. transformer supplied at 2 000 volts gives 230 volts at its 
secondary terminals on open circuit. The resistances of the windings are:— 
primary 0-62 ohm; secondary 0-0078 ohm. 

Calculate the resistance drop in each winding at full load (neglecting the 
efiect of the no-load current). 

Find the regulation at full non-inductive load. 

What resistance {a) in the secondary circuit, (b) in the primary circuit, 
would give the same regulation ? 

7. A 20 kVA. transformer, 2 000 volts to 230 volts, gave the following 
results with its secondary short-circuited:—^Primary current — 10 A.; P.D. 
= 64 volts; power = 350 watts. Find the equivsdent secondary resistance 
and reactance; and thence obtain the regulation at power-factors of i and 0*5. 

8. Draw a diagram of connexions for a short-circuit test on a transformer. 

The following readings were taken m such a test on a transformer for 

4 kVA., 2 000/200 volts:—^secondary current 20 amp.; primary current 2-i 
amp.; primary P.D. 200 volts; primary power 150 watts. 

The resistance of the secondary ammeter and its'leads is o*o6 ohm. Find 
the equivalent secondary resistance and (leakage) reactance. Hence deter¬ 
mine the regulation for pow'er-factors of unity and 0-6. 

9. What is the effect of magnetic leakage in transformers, and why is it 
more important when the load is inductive ? 

If a 2000 volt, 20 kVA, transformer has an “ equivalent primary resist¬ 
ance " of 4*2 ohms, and an " equivalent primary leakage reactance ” of 7-6 
ohms, calculate the percentage secondary drop at full load [a) cos ^ = i, 
(b) cos <f> = 0-6. 

10. A 20 kVA. transformer, 2000 to 220 volts, has a primary resistance of 
2-1 ohms, and a secondary resistance of 0-026 ohm. The total iron losses are 
200 watts. 

Calculate the efficiency:— 

(а) at full, and 3/^ load, virith a Ughting (non-inductive) load; 

(б) at the same loads with cos ^ = 0*7. 

(c) Plot efficiency curves for the two cases. 

11. A 40 kVA. 2 000 volts transformer took 600 wati;s, with the secondary 
on open circuit giving an E.M.F. of 115 volts. With the secondary short- 
circuited the primary took 20 A. at 60 volts and used 800 watts. 

Find the regulation and the efficiency at full load with a power-factor of 
0-8. Determine further the load which gives maximum efficiency at this 
power-factor, and the value of this efficiency. 

12. Explain how the secondary drop of a transformer on any load can be 
found from tests which require little power. 

13. A10 kVA. transformer 6 000/400 volts with its secondary short-circuited 
takes 1-67 A. at a pressure of 285 volts and absorbs 195 ''^'atts. Plot the 
full-load regulation against the power-factor of the load. 
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14. Describe two tests from •which, the efficiency of a transformer can be 
. obtained -without putting it on a load. Explain how the following can be 

deduced from the results of the tests:— 

(a) The efficiency at any load, cos ^ = i. 

(&) The efficiency at any load, cos ^ less than i. 

(c) The load for which the efficiency is maximum. 

(cH) The secondary drop at full load, and any power-factor. 

15. Describe the methods of performing three different tests on trans¬ 
formers, and the utility of the results of each test. Define the '' equivalent 
secondary resistance ” of a transformer, and point out its usefulness. 

16. A transformer giving 120 volts at its secondary terminals on open 
circuit has an equivalent secondary reactance of 4 ohms, and an equivalent 
secondary resistance of 0*5 ohm. Find graphically or by calculation the 
current flowing with external resistances of from 4*0 ohms down to zero. 
Plot current against external resistance, and against external conductance. 

Calculate the total power supplied to the transformer, neglecting iron losses, 
and plot in the same way, 

[N.B.—^This shows that a transformer -with large magnetic leakage will 
give roughly constant current on a load of variable resistance.] 

17. What is an auto-transformer ? Explain clearly, with vector diagrams 

and sketches, the distribution of currents and potential differences in such a 
machine. [C. & G., II. 

18. A single-phase transformer has one winding ■with twice as many turns 
as the other. How would you use it as a step-up transformer with a ratio 
of I : 3 ? Show by curves, approximately to scale, how the currents in the 
two windings would vary between no load and ^^^th full load. 

19. A 4 kVA. transformer, 150 volts to 50 volts, has a full-load efficiency 
of 95 per cent, on non-inductive load. If it is used as an auto-transformer for 
supplying 50-volt incandescent lamps from 200-volt mains, what output can 
it give and what will be its full-load efficiency ? 

Neglect the effects of the no-load current in calculating the above, but draw 
to scale a vector diagram for -j^th full load showing how this modifies the 
currents in the auto-transformer windings if its value in the two-coil 
transformer is 17 amp. with a power-factor of 0*4. 



CHAPTER XVIII 

TRANSMISSION AND DISTRIBUTION 

1. Introductory 

By the transmitting and distributing system (or network) is 
meant all the cables, connexions, insulation, etc., by which the 
electric power is conveyed from the switchboard in the central 
station to the places where it is to be utilised. These cost at least 
as much as the central station machinery. 

The conditions to be satisfied by such a system are:—- 

(a) The maximum current required must not overheat the 
conductors and their insulation. 

(b) The P.D. between the mains at all points where power is 
used must be maintained within certain limits. 

(c) The power wasted in it must not exceed a moderate 
percentage of that transmitted. 

{d) The insulation must be efficient. 

{e) The cost of the network must not be excessive. 

Conditions {a) and (d) have been considered in Chapter III. 

Condition ( 5 ) depends to some extent on the arrangements at 
the central station, e.g. the use of feeder boosters (Chapter XVL, 
Art. 2} aids the maintenance of a constant P.D. 

Conditions (c) and (e) are to a large extent contradictory. For 
by using cables of larger cross-section the amount of wasted power 
is reduced but the cost is increased. Some compromise must 
therefore be adopted (see Arts. 12, 13). 

2. “ Drop ” and Efficiency 

"Drop” is a very important quantity in connexion with 
transmission. In this connexion " drop ” means the difference 
between the P.D. between the bus-bars and the P.D. between the 
mains at some other place, such as the main terminals of a house 
service. In the simplest case of transmission, \iz. by two cables 
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POTENT)AL, 


A_I__ B AB, CD, each of R ohms 

^ 1 e‘ resistance (Fig. 18.01) 

'L..— - k - ^ going to a single place of 

^ Q utilisation, the ‘‘ drop 

A___'I ) is 2IR, where I amperes 

^ . is the current transmit- 

I "" ted. For A is IR volts 

1 I higher in potential than 

^ 1 ^’ B, and C is IR. volts 

j I lower in potential than D. 

I _ _— Therefore E', the P.D. 

[ __i between B and D, is 2IR 

less than E, the P.D. 
^ ^ between A and C (see 

Fig. I .01.— Rop ABLES. p i8'Oi). Similarly 

(a) Cables, etc. (6) Potental-distauceGraph. .,^,11,, 

E^PD^riseaeratogpiace. distance fromACis less in 

proportion to the distance. 
The relation of drop to efficiency is obtained readily in such a 
case. For the efficiency of transmission 

Power given out at BD __ ET __ F _ E — 2IR 
Power taken in at AC El E E 


/ 2IR \ , 

: l^ioo —g- X looj per cent. 


le. the percentage efficiency == 100 ~ percentage drop. 

Example l.— 200 kilowatts hav& to he delivered at a distance of one mile 
from the power station, and the pressure at the receiving station is i 000 volts. 
What is the sectional area of the copper cable if the efficiency of transmission is 
00 per cent.? The specific resistance of copper is 0-69 microhm per inch cube. 

(C. & G., I.) 

X /T^ 200 X 1000 

The current (I --—-— = 200 amperes. 

1000 

The received P.D. is 90 per cent., and therefore the “ drop ” is 10 per cent, 
of the P.D. at the power station; 

Drop = — of 1000 : III volts; 


Resistance of cable (lead and return) = 

Total length of cable = 2 miles; 

Resistance per inch -—■ otim 

^ 2 X 1760 X ^ 

4-38 microhms. 


: 0-555 ohoa. 


2 X 1760 X 36 


Cross-sectional area = 


: 0*158 sq. in. 
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3. Voltage and Distance of Transmission 

If the distance of transmission is increased and no other change 
made, the drop is increased in the same proportion as the distance. 
The efficiency of transmission is reduced but not proportionately, 
e.g. doubling the distance would reduce the efficiency from 95 per 
cent, to 90 per cent., or from 90 per cent, to 80 per cent., etc. (cf. 
Art. 2). 

If it is desired to maintain the efficiency at its former value two 
methods are available. One is to increase the cross-section of the 
cables in proportion to the increase of distance, thus keeping their 

resistance at its former value, since R The drop for a given 

current is then the same as before, and therefore the efficiency is 
unaltered. If this method is adopted the amount of copper in the 
cables increases as the square of the distance, since both length and 
cross-section are increased. 

The second method is to increase the voltage in proportion to 
the increase of distance. If the current and the cross-section of 
the cables are unaltered, then the following relations hold good:— 

Drop (= 2IR) varies as the distance ( 1 ). 

Percentage drop (= x 100 per cent.^ is unaltered, since 

both the numerator and the denominator are increased in proportion 
to 1 . 

Power received by cables = El, which is proportional to 1 . 

Power wasted = 2l^R, which varies as 1 ; 

Power given out by cables (= E'l) also varies as 1 ; 

^ Efficiency gven out ^ 

V Power received ) 

Or alternatively:— 

Efficiency = (100 — percentage drop) per cent.; *it is 
unaltered, since the percentage drop is unchanged. 

Again:—Amount of copper in cables = 2ZA, which varies as /. 

Thus the power transmitted and the amount of copper required 
are both proportional to 1 . Or alternatively, by reducing the cross- 
section of the cables inversely as Z, ihe same amount of power can be 
transmitted by the use of the same amount of copper at the same 
efficiency provided that, as stated above, the voltage is increased in 
proportion to the distance. 

For a given distance and efficiency the copper required for trans¬ 
mitting a given power varies inversely as the square of the voltage. 


E. E., VOL. I. 



This can be shown as follows 

Power (= El) is constant; 

Efficiency is constant; percentage drop is constant; 
actual drop oc E, 

i.e. 2IR oc E, 

-r« T- I* 

i.e, R oc E X 

RocE2. 

But ^ is constant; 

A 

I T-O A I • 

-7 oc E^ or A cc ^ > 

A E^ 

Total amount of copper x (/ x A) cc A, since I is constant, 
I 


4. Disadvantages of High Pressure 

The advantages of using high pressure for transmission are 
offset by the following disadvantages. The insulation must be 
capable of withstanding, the higher voltage, and hence is more 
costly. The danger from a shock is increased, and so greater- 
precautions have to be taken to prevent the possibility of such an 
occurrence. If the transmission pressure is more than moderate it 
must be reduced for distribution. With D.C. this must be done by 
motor-generators or other rotating machinery. But with A.C. 
transformers suffice, and this is the main reason for the extending 
use of A.C. for both transmission and distribution. 

The pressure used for distribution is settled mainly by lighting 
considerations. In the United Kingdom 230 v. is the standard, 
and most systems lie within the range 200 v. to 260 v., though 
300 V. has been used. In the U.S.A. about no v. is usual (range 
100 V. to 130 v.), and a number of places in the U.K. use these too. 
Lower pressures are used occasionally, generally with transformers 
on the premises lighted. For hghting by incandescent lamps 
higher voltage necessitates more fragile filaments and a lower 
efficiency (see Chapter XV.). 

With motors of low power the cost is increased, owing to the 
insulation occupying a greater proportion of the available winding. 
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space; another reason is the increased number of segments required 
in the commutator. For larger powers the latter does not apply, 
and the cost is scarcely affected by the voltage, unless this is 
unusually high (over 500 volts). Similarly the cost of motor 
starters is little affected by the voltage, the increase of resistance 
necessitated by a high voltage being counterbalanced by the 
reduction of current for a given power. 

5. The Three-Wire System 

In the three-wire system the distribution voltage is double that 
applied to the lamps. It thus combines to some extent the 
advantages of high pressure for distribution and of low pressure 
lamps, but naturally has certain disadvantages of its own. 

There are three mains, the positive, the negative, and the neutral 


+ve 



Fig. 18.02.—The Three-Wire System. 

E, Earth. A, Earth ammeter. -o-Groups of lamps. 

or middle-wire, instead of the usual two. The positive is main¬ 
tained at a certain potential above the neutral, and the negative at 
the same potential below the neutral; the P.D. between the outers 
(i.e. the positive and negative) is therefore twice that between 
either of them and the middle wire. Lamps are connected between 
either outer and the neutral, while motors can be connected in the 
same way or directly across the two outers according to circum¬ 
stances (see Fig. 18.02). 

The two sides of the system are said to be balanced when the 
total current taken by the lamps, etc., connected to the positive 
main is the same as that taken by those connected to the negative 
main. In this case no current flows to or from the station by the 
middle wire. 

But if there is a difference between the two loads they are 
called unbalanced, and the current in the middle wire is the 
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difference between those 
in the outers, i.e. it is 
equal to the out-of¬ 
balance current. 

Its direction is to or 
from the station accord¬ 
ing as the current in the 
positive is greater or less 
than that in the negative 
main. In other words, 
the total current away 
from the station is equal 
to the total current to¬ 
wards the station. 

Even with balanced loads there will usually be a current in the 
distributing part of the middle wire; and this current may be in 
opposite directions in different parts of the middle wire. The truth 
of this can be seen by referring to Fig. 18.03, which shows a simple 
case of a 3-wire system with balanced loads. The figures and 
arrows indicate the amounts and directions of the currents in the 
various parts of the system. 

6. Saving of Copper in 3-Wire System 

Compare a 3-wire system with a 2-wire system transmitting the 
same power the same distance, with the same efficiency, and with 
the same P.D. at the lamps. If the 3-wire system is balanced the 
current in each outer is half that in each main of the 2-wire, for 
equal total power. 

Let I = current in the 2-wire feeders in amperes, 

R = resistance in ohms of each main in the 2-wire system, 
and R' = resistance of each outer of the 3-wire system. 

Then power wasted in 2-mre transmission = 2PR watts. 

3-wire 



Fig. 18.03 .—Currents in Three-Wire 
Distributors. 

4-ve . Positive distributor. 

» ve _ Negative distributor. 

± = Middle-wire distributor. 


PR' 


watts. 


For equal efficiency the above two losses must be equal; 
R' = 4R, 

or, each outer is J cross-section of each of the 2-wire mains. 
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The middle wire is very frequently made half the cross-section 
of the outers. If this is the case and the total copper in the 2-wire 
is denoted by 100, the following are the sizes of the various main's:— 

T 4-1. - I +ve main 50 per cent. 

In the 2-wire ^ 

1 —ve „ 50 per cent. 

Total 100 per cent. 

In the 3-wire -1-ve main | of 50 = 12J per cent. 

—ve „ J of 50 = 12J per cent. 

Middle wire, half size of an outer = 6| per cent. 

Total 31^ per cent, 

i.e. the amount of copper required in the 3-wire system is only 31! 
per cent, (or xV) that needed in a 2-wire system for the same 
purpose. 

The above assumes that the carr3dng capacity of the cables is 
not exceeded in the 3-wire system. TMs may occur, because the 
current is halved while the cross-section is diminished to one 
quarter. If the heating limit (see Chapter III.) comes in, the 
saving of copper will be diminished, but the efficiency of trans¬ 
mission will then be increased. 

'With equal current densities, the two outers of the 3-wire system 
together need 50 per cent, copper, and the middle wire 12 J per cent., 
giving a total of 62|- per cent. The percentage losses would then 
(with balanced loads) be half of those in the 2-wire system, and the 
efficiency of transmission correspondingly higher. 

Example 2. A ^-wire feeder is transmitting 120 A. in the positive main, 
and 100 A. in the negative. The terminal P.D.’at the central station is 460 
volts, and at the feeding point 2 X 225 volts. 

[a] Calculate the power lost, and the efficiency of transmission. 

ip] Find the resistance of a 2-wire feeder to transmit the same power the same 
distance, with the same efficiency and 225 volts at the feeding point. 

[c] Compare the amounts of copper required in the two cases if the middle 
wire of the -^-wire feeder is half the cross-section of each outer. 

{a) Power given out by feeder = 120 x 225 -f 100 x 225 = 49 500 watts. 

Power received by feeder = — - x 460 = 50 600 watts: 

Power lost = 1100 watts; 

Efficiency of transmission = ^ 100 per cent. = 97-8 per cent. 
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(6) Current in 2-wire feeder = = 220 amperes (= 120 4- 100). 

For equal efficiency th.e power lost must be the same. 

Resistance of each wire = == 0*01136 ohm. 

(c) Let R = resistance in ohms of each outer of the 3-wire feeder; 

2R ohms = resistance of middle wire ; 

Power lost = (120)2 x R + (100)2 x R -f (20)2 x 2R = 1100 watts; 

1100 , 

- *0437 ohm. 

25200 

For equal lengths the amount of copper is inversely proportional to R. 
Denote total copper in 2-wire feeder by 100 per cent,, so that each of its 
wires contains 50 per cent, copper; 

/. Each outer of 3-wire feeder containsX 50 per cent, 13-0 per cent; 

•0437 


/. Middle wire contains | of 13 per cent. = 6-5 per cent.; 

Total copper in 3-wire feeder = 13-0 -}- 13*0 -j- 6*5 = 32*5 per cent. 
N.B.—^This value is greater than that given in Art. 6, because the load is 
not balanced, but the increase is small. 


7: Balancers 

A 3-wire system may have its two sides supplied by independent 
generators; the voltage on each side can then be regulated in the 
ordinary way. It is, however, much more usual to connect the 
generators across the outers. This arrangement reduces the 
number of generators required for satisfactory working, though the 
total power is not altered. In this case means must be adopted 
for dealing with any difference between the loads on the two sides 
of the system, and this work is done by the balancer. This consists 
of two shunt-wound dynamos coupled together. One armature is 
connected between the positive and middle wires, and the other 
between the middle and negative mains. 

In one arrangement the two field windings are connected in 

series across the outers (see 
Fig. 18.04). long as the 
two sides of the system are 
equally loaded, both machines 
run as unloaded motors, taking 
only their no-load currents. 
If one side (say the positive) 
is more heavily loaded the P.D. 
on that side will fall, while that 
on the other side rises. The 
result is that the machine on 


960a->- 



Fig. 18.04 .—Balancer for 3-W1RE 
System. 

Ml = Field winding of A. 

M2 = Field winding of B. 
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the heavily loaded side 
becomes a generator driven 
by the motor action of the 
other machine. If there 
were no losses in the bal¬ 
ancer each machine would 
carry half the out-of-balance 
(or middle wire) current, and 
the current in the main gen¬ 
erators would be the mean 
of those in the two outers, as 
is shown in Fig. 18.04. At 



Fig. 18.05 .—Balancer with Cross- 
connected Field Windings, 

Ml = Field w-inding of A, 

. M2 = Field \7inding of B. 


the same time the P.D.s across the two sides of the system would be 
maintained equal, or balanced. Owing to resistance and other losses 
in the balancer the above is only approximately true. E,g. in the 
above example the balancer currents might be 27 amperes in the 
generator and 33 amperes in the motor, and the main generators’ 
current would then be 233 amperes. The P.D. would be lower on 
the positive side because the terminal P.D. of a generator is less 
than its E.M.F., while that of a motor is higher than its back 
E.M.F., and the two E.M.F.s are equal (assuming equal armature 
reaction effects). 


8. Balancers: Booster Balancers 

A better arrangement is to cms-connect the fields of the balancer 
as shown in Fig. 18.05. The effect of this is that the fall of voltage 
on the heavily loaded side weakens the field of the motor on the 
other side, and so increases its speed. Similarly the rise of voltage 
on the lightly loaded side strengthens the field of the generator. 
Both these actions increase the E.M.F. of the generator; or, more 
accurately, they enable the balancer to produce the necessary 
balancing effect with a smaller difference between the P.D.s on the 
two sides than with the previous method of connexion. 

A third method is to use compound-wound dynamos for the 
balancer. The series windings* strengthen the field of the generator 
and weaken that of the motor. By using a suitable number of 
series-turns the voltages can be balanced exactly at full out-of¬ 
balance load. A larger number of series-turns will cause the P.D. 
on the heavily loaded side to be greater than on the other, thus 

* These should he crossed, for then on heavy overload the motor held is 
not weakened to such an excessive extent. See further Carter, The Elec- 
trician, Vol. 78, p. 605. 
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compensating for the greater drop along the outer feeder to the 
heavily loaded side. 

All these arrangements are reversible, i.e. they will balance 
equally weU whether the heavier load is on the positive or the 
negative side. A balancer is in fact a motor-generator in which 
either machine may be the generator, according to circumstances. 

When a battery is used in conjunction with a 3-wire system a 
booster balancer may be used- This consists of two reversible 
battery boosters each connected to half the battery. They are 
driven by a single motor and the middle wire is connected to the 
middle point of the battery. When the loads are unbalanced one 
half of the battery discharges and the other half is charged. The 
object of the boosters is to diminish the rise and fall of voltage 
required for a given charging or 
discharging current from the battery 
(see Chapter XVL, Art. 4). 

Where hand regulation (instead 
of automatic) can be used a con¬ 
venient method of connexion is 
that shown in Fig. 18.06. By 
altering the position of the switch 
connecting the middle wire to 
the common regulating resistance 
one field is strengthened and the 
other weakened. 

This may be combined with 
cross-connexion of the fields so as to 
give automatic regulation as well. 

9. Comparison of 3-Wire and 2-Wire Systems 

The advantage of the 3-wire system is the saving of copper 
effected, or alternatively the increase of efficiency and diminution 
of transmission drop (see Art. 6). The disadvantages are:— 

[a) The third main increases the complication and cost of joints 
or other connexions. 

[h) A balancer is required, increasing the cost and complication 
of the central station equipment. 

(c) The loads on the two sides must be nearly balanced, not 
only over the whole system but on each section of it. 

(i) The risk of breakdowns is somewhat increased by the 
doubling of the voltage. 



Hand Regulation. 

B.B', Armatures of balancer. 
F,F^ Field ’bindings. 

Gr, One of the main generators. 



Comparison of 3-W1RE and 2-Wire 


505 


For short distances and small powers the disadvantages out¬ 
weigh the saving of copper. As the distance increases a high 
distribution voltage becomes more important, just as in the case of 
transmission (see Art. 3). As the power increases the saving 
effected becomes greater and makes the increased complication 
better worth while. No exact rules can be given as to the point at 
which a 3-wire system becomes advisable. A good deal depends on 
the ease of balancing the loads. 

With i-phase A.C. distribution, too, the 3-wire system may be 
used. The outers are no longer positive and negative since each 
is positive in turn. Compared with a 2-wire A.C. distribution it 
effects the same percentage saving as in the D.C. case. Compared 
with D.C. both A.C. systems have the disadvantage that if the load 
has a power factor below unity (which is usually the case with 
motor loads) the current for a given power is increased inversely as 
the power-factor. This increases the copper required for distribu¬ 
tion and transmission, and is a disadvantage of the A.C. system. 

On the other hand, balancing can be effected without rotating 
machinery. If the transmission is (as usual) at a higher voltage 
than the distribution the middle-wire can be connected to a centre- 
point tapping on the secondary of the step-down transformer. If 
the transmission and distribution (outer) voltages are the same, a 
balancing transformer effects the same result. 

Such a balancing transformer may be described as a single-coil 
transformer with a centre-point tapping. It is better to consider 
it as a transformer with a one-to-one ratio, i.e. neither step-down 
nor step-up. The action is similar to that of the D.C. rotary 
balancer. When one side of the 3-wire system is more heavily 
loaded than the other its voltage falls and that on the other side 
rises. The part of the balancer winding connected across the lightly 
loaded side therefore acts as primary taking in power, and the part 
across the heavily loaded side acts as secondary giving out power. 

The loads are thus balanced with a difference of voltage between 
sides equal to the regulation of the balancing transformer with a 
load of about half the out-of-balance load. This action occurs 
automatically whichever side has the excess load. 

10. Comparative Economy of Low-Pressure A.C. Systems 

In the case of low-pressure transmission and distribution the 
P.D. on the incandescent lamps is the governing factor (see Art. 4). 
So that for the comparison of L.P. systems the lamp voltage will 
be taken to be constant. 
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The monophase two-wire system will be taken as the standard. 
If the copper in each wire is taken as 50 units this makes a total of 
ICO, so that the copper for other cases will be expressed as a 
percentage of the total copper for the standard (cf. Art. 6). 

In the three-phase three-wire system with the lamps, etc., 
connected between two mains, i.e. in A [Fig. 18.07 (^)]^ the current in 
each phase of the load is I/3 for the same total power. Hence the 
line current is V3 X I/3, i.e. -581. For equal current densities the 
total copper is therefore 3 X -58 X 50, i.e. 87. 

For equal efficiencies let the copper in each of the three-phase 
mains be 50/?^, so that the resistance of each main is n times that 
of a monophase two-wire main. Hence by equating losses 
3 X (- 581 )^ X w = 2p; 
whence n = 2. 

Therefore the copper in each three-phase main is 25, and the 
total copper 75. 



Fig. i8.o7.-~Low-Pressure Three-Phase Systems. 

The three-phase four-wire [Fig. 18.07 (b)] need carry only I/3 in 
the outer lines if the loads connected between these and the fourth 
wire are balanced. This wire is needed only to carry any out-of¬ 
balance current there may be. It may therefore be smaller than 
the outers, say half as big in section. Then for equal current 
densities, the copper required is 3 x (50/3) for the outers, and 
i X 50/3 for the middle wire, i.e. 58J in all. 

For equal efficiencies let the copper in each outer be 50/m, 
Then equating losses 

3 X (1/3)^ X m = 2P; whence m = 6. 

Therefore total copper required is 3^ x (50/6), i.e. 29^. 

This explains why three-phase low pressure distribution is 
effected nearly always by the four-wire system. 

The two-phase three-wire system requires the same copper as 
the three-phase three-wire for equal current densities, viz. 87. 
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For equal efficiencies it requires 75 per cent, copper with the three 
equal mains, and 73 per cent, with a larger middle wire. The proof 
of these results is the same as for the H.P. system [Fig. 18.10 (c). 
Art. ii]. 

II. Comparative Economy of Systems of High-Pressure Trans¬ 
mission 

The comparative advantages of different systems for the 
transmission of power by A.C., as regards economy in the line, 
depend on what factor limits the voltage employed. In the case 
of high pressure transmission either the maximum voltage between 
any line and earth, or the maximum voltage between two lines 
may be considered as constant in comparing two systems. 

With overhead transmission the cost of the line depends partly 
•on the copper in it, and partly on the voltage between Kne and 



earth. If two lines are insulated satisfactorily from earth the same 
insulation will stand the voltage between the lines, since this 
cannot exceed the sum of the separate voltages to earth. The 
voltage between lines, therefore, affects only the distance between 
them, which must be sufficient to prevent a breakdown of the air 
space. On the other hand the insulation needed by transformer 
(or generator) windings connected to the lines depends partly on 

the voltage between lines. ^ ^ ^ 

Taking as the standard of comparison a monophase transmission 
with the middle point of the transformer earthed [Fig. 18.08 (^)], and 
a voltage V, between each line and earth, the power delivered to 
the Hne is 2VI cos For a three-phase system with transformer 
windings Y-connected and the star-point earthed, and the same 
voltage between each line and earth [Fig. 18.08 (i)] the power given to 
the line is 3VI' cos <56. Therefore to transmit the same power at 
the same power-factor, T = |I. 
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For equal current density the cross-section of each three-phase 
conductor is therefore f of each monophase conductor, and so the 
total cross-section is the same in the two cases. Hence for equal 
distances of transmission the same total weight of copper is needed 
by the two systems. Moreover, if R is the resistance in ohms of 
each monophase conductor (so that 2PR is the transmission loss) 

the resistance of each three- 
phase conductor is fR. 
Hence the transmission loss 
in the latter system is 3!'^ 
X |R, i.e. 3 (fl)^fR, i.e. 
2PR, so that the efficiencies 
of transmission are equal. 

These results are other¬ 
wise evident if each con¬ 
ductor is looked on as 
transmitting power amount¬ 
ing to VI cos 4 in the monophase system, and VT cos (j> in the 
three-phase one. It is then seen that the only difference is that 
the power is divided equally between the three lines in the latter, 
and between the two in the monophase. 

To obtain an equally good result in a two-phase system, a four- 
wire transmission with the centres of both phases earthed must be 
used (Fig. 18.09). Each conductor will then be half the cross- 



{a) Monophase. (&) Three-Phase Delta, (c) Two-Phase 3-W1RE, 
Fig. 18.10 .—Uneconomical Systems. 

section of a monophase one for equal power, giving the same total 
copper as before, and the same transmission efficiency. 

Examples of less favourable systems are {a) monophase with one 
terminal earthed; (S) three-phase A; and (c) two-phase three-wire 
(see Fig. 18.10). In the first case the current must be increased to 
double its former value for the same power. Hence for equal 
current densities the copper required is twice as great. But for 
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equal efficiency four times as much copper as before is necessary 
since the losses vary as (current)^ (cf. Art. 3). 

In the three-phase A system [Fig. i8*io(&)], if the line currents 
are T, VsVF' = 2VI, for equal power and equal power-factors. 
Hence V’ = (2/V3) I ~ 1*155 I. Thus for equal current densities 
the total copper is increased to (3 x i*i55)/2, i.e. 1*73 times that 
needed for the three-phase Y, or for the monophase with middle 
point earthed. 

For equal efficiencies let each line have a section n times that of 
each of the monophase lines [Fig. 18.08 (^)]. Then, equating losses 
in the two cases, 3 x (^I/Vs)^ X R/w = 2PR; 

/. 4/w = 2, i.e. % — 2; 

the total copper in the A-system is three times the original amount. 

The A-system can be improved by earthing the middle point of 
one phase. The highest voltage to earth is then that of the line 
not connected to either end of the earthed phase. It can he shown 
that the copper required is then | of that needed for the Y-system 
for equal efficiency. 

The following table summarises the above results:— 


SYSTEMS WITH EQUAL VOLTAGES TO EARTH 


1 

No. OF Phases 

No. OF 
Mains 

Earthed Point 

Relative Copper 

Fig. 

One 

Two 

One main 

(fl) 

400 

(b) \ 

100 

iS-ioa 


„ 

jMiddle 

100 

25 

i 8 -o 8 a 

Three-Y 

Three 

Star 

100 

^-5 

i8'086 

Three-^ 

,, 

One main 

300 ! 

75 

iS-iob 


,, 

Middle of one phase 

225 

56 

— 

Two 


Middle 

500 (291) 

75 (73) 

i 8 -ioc 


Four 

Star 

100 

1 -5 

18-09 


The figure for relative copper is stated in all cases for equal 
-distances of transmission, equal power transmitted,^ equal power 
factors and equal efficiencies. The standard taken in column {a) 
is i-phase with middle point earthed, and in column (6) i-phase 
with one line earthed. 
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Similarly, the two-phase 3-wire system [Fig. 18.10 (c)] for equal 
current densities requires (3-41/2), i.^. 1711 imes the copper needed 
by the monophase with earthed middle, owing to the additional 
middle wire in the former. For equal efficiencies with three lines 
of the same section and resistance R' 

2 PR = R'{P -{- (I-4I I)' + P} = 4 : 

each line has twice as much copper as a monophase line, and so 
the total copper is three times as great, Le. it is on a level with the 
three-phase A in “ihis respect. 

By increasing the cross-section of the middle wire and reducing 
that of each outer the total copper can be reduced slightly. The 
best result is obtained by making the middle wire i‘4i times the 
size of the outers, so that the current densities are equal. The 
copper required is then 2*91 times that for monophase. 

12. Kelvin’s Rule 

As mentioned earlier (Art. i), the requirements of efficiency 
and cheapness are opposed to a large extent. When the voltage 
has been settled, the size of cable for a given transmission which 
will give the best results can be determined by means of Kelvin’s 
rule. This is as follows;— 

Make the annual cost of the energy wasted in transmission equal 
to the annual cost of interest and depreciation on the capital cost 
of the copper (or aluminium) used in the cables. 

Proof.— The annual cost of the lost energy = PRi^ pence, 
where I = average current transmitted in amperes, 

R = total resistance of line (lead and return) in ohms, 
t = time per annum during which transmission occurs, in 
thousands of hours, 

and ' = cost of generating energy, in pence per kWh. 

- 2 pi 

And R = —, where p = resistivity of copper 

^ _ in inch 

A = cross-section of copper units. 

and I = distance of transmission 

Annual cost of lost energy = pence, 

A 

_ 2l^pUp 
240A ’ 

= where n: is a constant. 
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‘=;n 


The annual cost of interest and depreciation 




2 Alk 




*100 240 

where i = percentage for interest and depreciation together, 
k = cost of copper in pence per culic inch, 
and & is a constant; 


Now X &A = = constant. 

A 

And it can be shown by algebra or by the differential calculus 
that when the product of two quantities is constant their sum is 
least when they are equal. E.g. 

6 X 6 = 4 X 9 = 3 X 12 = 2 X 18 = 36; 

6 + 6 = 12; 4 + 9 = 13; 

. 3 +12 = 15; 2 +18 == 20, etc. 

Therefore the total cost is least when, as Kelvin’s Rule states,, 
the two components of it are equal. 


total cost 


13. Modification for Insulated Cables 

With insulated cables the cost of the insulation must be con¬ 
sidered. This increases with the size of the cables, but not in 
proportion to the area. It is possible to represent the total cost of 
such cables with sufficient accuracy, over the range of areas Kkely 
to be suitable, by a straight line, i.e, cost of cable c.A 
where c and d are constants. 

The minimum total cost will then be obtained by making 
the annual cost of the energy lost equal to the annual cost 
(interest and depreciation) on that part of the capital cost 
of the cables which varies as the area (c.A). 

The original and modified rules are illustrated graphically in 
Figs. 18.11 and 18.12. 

In Fig. 18.11 ABC represents the annual cost of the lost energy 
plotted against the area of the cable. Since the cost varies inversely 
as the area, ABC is a rectangular hyperbola. The annual cost of 
the cable (proportional to the area) is represented by the straight 
line OBD. The total annual cost is obtained by adding the ordi¬ 
nates of the two. It will be seen that the minimum value occurs 
vertically above B, i.e. for the area which makes the two portions 
of the annual cost equal. 
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Fig. 18.12 shows the same for the modified case. The minimum 
total cost does not now occur for the area corresponding to B {i.e. 
■equal cable and energy costs) but for that corresponding to F (OF 
is parallel to EBD and its ordinates represent the variable part of 
the cable cost). 


Example 3. Find, the most economical size of cable to use for transmitting 
500 kilowatts 15 ml. for 8 hr. per day with 300 working days in the year. P.D. 
■at the receiving end 6000 volts. 

Cost of concentric cable for this pressure i{Z’SA -f 0-31) per yd., where A 
= cross-sectional area in sq. in. 

Cost of generation \d. per kWh. 

Interest and depreciation together = 9 per cent, per annum. 

Take resistance of a single core cable at the working temperature as ^^ohms 
per mile. 

Interest and depreciation on cable per year 

= ~ of £{2‘5^ -f- 0-31) X 1760 X 15 

= ^{594oA + 737). 

Current = = 83-3 amperes. 

6000 

Watts lost in transmission — 2 x (83-3)2 x 15 X 

Annual cost of lost energy = 2 ^ X —- X 4 d. 

A 1000 

= ^d r^3-44. 

A ■ ^ A ' 

.*. For least total cost 5940A = ; 


A = = *0628, 

5940 

■ i.e. the cable should be -063 sq. in. cross-section. 

With this size the current density is = 1320 A. per sq. in. which 
•063 ^ ' 

■will not cause overheating with this size of cable (see Chapter III.). 
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The annual cost of lost energy = ~ £^7^ 

Annual cost of cable = ;f(5940 x -063 + 737) 

Total ;{i483 


14. Standing and Running Costs 

It can be seen from Art. 12 that if the time (^) per annum during 
which power is required is increased and no other change is made, 
then the best cross-section of cable to use is increased as Vt, 
Further, the total cost for transmission is increased in the same 
proportion: thus the cost per kilowatt-hour is reduced inversely as ^/1. 

On the other hand, if the area is kept fixed the annual cost of 
the energy lost in transmission varies as the number of units supplied, 
while the interest and depreciation charge remains constant; 

or Total cost == pW -j- q, 

where W = number of units of energy supplied per annum 

and p and q are constants. 

The same formula applies to the case of insulated cables, but q 
then includes the interest and depreciation on the constant d (see 
Art. 13). 

A similar formula holds for the cost of generation. For this can 
be divided into standing and running costs. The latter consist of 
the greater part of the expenditure on coal or other fuel, water, and 
lubricating oil, and of those parts of the labour and depreciation 
charges which vary as the number of units generated. 

The standing costs comprise the interest on the capital cost of 
the power station and all its apparatus, and of those parts of the 
labour (particularly supervision) and depreciation charges which 
depend on the total kilowatt capacity of the station and are inde¬ 
pendent of the number of units generated. They further include 
part of the cost of coal, etc., for some is burned in keeping the boilers 
ready to supply steam whether steam is actually required or not. 
Moreover some steam is used in keeping at least one generator 
running in readiness to supply power when needed. Similar 
considerations apply when oil engines are used. 

15. Maximum Demand System 

This division of costs forms the basis and the justification of the 
maximum demand system of charing for electrical supply. In its 
simplest form this system comprises a certain sura per kilowatt of 

33 


E. E., VOL. I. 
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maximum demand, plus a low charge per unit (kWh.) supplied, e.g^ 
£$ per annum per kilowatt + o*4d. per kilowatt-hour. In such 
a tariff the price per kilowatt is intended to cover the consumer’s, 
share of the standing costs, and the charge per unit is meant to 
pay for his share of the running costs. This method of charging is 
adopted frequently in bulk supply. 

For charging separate consumers Wright’s modification is 
sometimes used. This consists of a high first charge per unit up to 
a consumption equivalent to one or more hours per day at the 
maximum demand, and a lower charge for further units, e.g. 5d. per 
unit for i J hours of maximum demand, and 2d. per unit afterwards 
(cf. Qu. 12, Chapter VIL, page 230). The extra charge on the 
high-priced units corresponds to the kilowatt charge in the simpler 
system. The difference lies in the fact that the price per unit cannot 
exceed the first charge in the Wright system. The result is that a 
consumer with a very “ short-hour ” load, i.e. a small total consump¬ 
tion compared with his maximum demand, is treated more favour¬ 
ably than by the first system. 


16. Load Factors 


The annual load factor of a central station is the ratio— 


Total kilowatt-hours generated per annum 
Kilowatts of maximum demand x 8760 


X 100 per cent., 


8760 being the number of hours in a year. This ratio is evidently 


equal to 


Average load during year 
Maximum load during year 


X 100 per cent. It is often 


called the load factor. 

The same ratio taken for a day or other period gives the daily, 
etc., load factor. 

It can be seen from Art. 14 that the higher the annual load 
factor the lower the average cost of generation and transmission per 
kilowatt-hour, other things being equal. The load factor of a 
station with only a lighting load may be 10 per cent, to 15 per cent.; 
whereas if it supplies power as weU it will have a value between 
the latter figure and 35 per cent, (or a little higher), varying accord¬ 
ing to the relative magnitudes of the two loads. A traction 
load will raise the load factor by another 5 per cent, or thereabouts. 
Cooking and heating loads are advantageous by increasing the 
power load. Restricted-hour loads, i.e. those excluded from times 
near to that of maximum total load, are specially helpful. 
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Two similar factors are: [a) the station load factor, which 


Kilowatt-hours generated per day 
Kilowatts of plant installed x 24 


X TOO per cent. 


Average load 

Kilowatts installed ^ ' 


and [h) the plant load factor, which is the same as the above with 
kilowatts of plant in use ” substituted for that installed. In the 
former case spare plant is included. In both cases the kilowatts 
are taken at rated full load, i.e. without taking into account the 
overload capacity. 

The plant load factor does not differ much in value from the daily 
load factor, and may exceed it if the maximum load is of short 
duration and the generators can carry an overload safely during 
this time: or if a battery is used (unless its capacity is reckoned in 
the total). 

The station load factor must be less than the plant load factor, 
because some plant is required as a reserve and for future increases 
of load. This load factor is the one on which the standing charge 
must be based, so its value should be kept as high as possible 
consistent with ensuring continuous supply. 


17. Diversity Factor 

In obtaining the value of the standing charge, account must 
be taken of the fact that the maxiinum kilowatts supphed by the 
station is less than the sum of the separate maximum demands of 
the consumers. This is due to the different times at which their 
various demands occur. It is allowed for by means of the diversity 
factor, which is the ratio 

Sum of se parate maximum demands 
Maximum .demand on the station 

The value of this varies widely with the nature of the load. 

It now becomes evident that the maximum demand system, 
though much fairer than a flat rate, is not completely fair, for 
different classes of consumers have loads of different diversity 
factors. The proper standing charge per kilowatt = (standing 
charge per kilowatt installed) diversity factor, while in the 
simple maximum demand system the rates are the same for all 
consumers. 

A number of special tariffs have been introduced, partly with the 
aim of satisfying the above requirements. An alternative object is 
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to obtain additional loads which will improve the load factor and 
lower the cost of supply to the old load even if the new load does 
not bear its full share of the total cost. For details of these tariffs 
the reader should refer to the electrical journals. 

18. Laying of Cables 

The methods used for this can be divided into the direct, the 

-1^ solid, and drawing-in. 

~ ' j j The direct method consists in laying 

-I ^ p E ^ G cable, which should be armoured, in 

" a trench dug in the ground and covering 
J_ U it with the earth which has been dug out 

V_y in making the trench. A few inches 

(a) (fe) above the cable are placed tarred 

Fig.1 8. 13.-CableConduit, planks, or better, bricks or tiles, to 
(a) Sectional elevation. (&) Plan, protect the Cable when the ground is 
T, Trongh. Opened agam. The depth of the trench 

is generally about 3 feet. 

In the solid method the cable is laid in a conduit or trough, with 
supporting bridges at intervals to keep it clear of the sides. An 
insulating compound is then run in, completely surrounding the 
cable, except at the bridges. Finally a cover is placed on top. 

The compound is a mixture of waxes, etc., and is solid at ordinary 
temperatures, but is melted easily for pouring into the trough. 

The trough and cover 
may be of earthenware 
or asphalt, the supporting 

bridges of porcelain, or of /y / 

wood impregnated with in- y^y^yy yy / 

sulating compound, or of y^yy yy / y / 
asphalt. / 

For drawing-in cables, \ \ / 

glazed earthenware conduits [I-1^1-i j - 

are laid down with a suit- pig_ —^Three-way Cable Conduit. 

able number of “ ways " for 

cables (see Fig. 18.14). These are made in lengths of about 4 ft. 
and with i to 6 ways. They are laid on concrete and then covered 
over with more concrete, about 6 in. thick in every direction. The 
joints between the lengths are made with cement, thus forming 
watertight channels. These run between a series of cable pits sunk 
in the ground at distances of about forty yards. Drawing-in wires 
are left m the conduits during laying, by means of which ropes 


V-V-V*-V 


Fig. 18.14.— ^Three-way Cable Conduit. 
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and then cables are drawn in when required. Sometimes cast-iron 
pipes are used for the same purpose. 

The solid method is the most usual. Drawing-in is considerably 
more expensive, and is used chiefly in the centres of towns, where 
it is inadvisable to open the ground frequently. Moreover, it is 
unsuitable for distributors, since fresh connexions can be made 
only at the cable pits. The direct method is used where subsidences 
are likely, e.g. in mining districts, or for outlying places where its 
cheapness is of greater importance. 


19. Mains Testing 

Mains testing means the testing of the insulation of the mains, 
and sometimes of the apparatus connected to them in addition. 
The insulation resistance of an installation in a factory or other 
building is generally tested by some form of ohm-meter (see Chapter 
VII.). For mains, other 
methods are general, because 4-v< 


often tests must be made 
when the mains are in use. 
A simple means of obtaining 
a continuous record of the 
insulation resistance of a 
whole system is to connect 
one point to earth at the 





central station, and place pig. 18.15. — Connexions of Earth 
a recording ammeter in the Ammeter. 

earth connexion. 


Sometimes a resistance is placed in series with the ammeter. 
An alternative is a resistance shimted by a fuse, so that if the 
current increases sufficiently to blow the fuse, the earth connexion 
is not broken but the current flowing through it has to pass through 
the resistance (see Fig. 18.15). The amount of the resistance is 
chosen so as to limit the earth current to an amount which will 
not damage the ammeter, e,g. a lo-ohm resistance on a 250-volt 
supply with an ammeter recording up to 25 amperes. 

In a 2-wire system, the negative main is practically always the 
point earthed. It can be seen from Fig. 18.15 that the earth 
ammeter records the current leaking from all the positive conductors 
to earth, independently of the load on the system. The insulation 
resistance to earth of the positive mains can then be obtained 
approximately by dividing the supply voltage by the earth (or 
leakage) current (see further Art. 20). 
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The Home Office rule is that the leakage current shall never 
exceed one thousandth of the maximum supply current in the case 
of power and hghting supply. In traction supply the leakage must 
not exceed loo A. per mile of tramway, tested when the trams 
are not running and the line is fully charged. 

In a 3-wire system, the middle wire is earthed nearly always, as 
shown in Fig. 18.02. This is compulsory when the pressure across 
each side exceeds 125 volts. The leakage current is then the 
difference between the leakages from the positive, and to the 
negative. It therefore shows only the difference in insulation 
resistance of the two outers, recording no current as long as they 
are equal, whether the insulation is good or bad. If the current in 
the earth connexion is from the earth the positive main has the 
. worse insulation, while if it is to the earth the negative main has 
the worse insulation. The earth ammeter used is therefore of the 
moving coil type with central zero, the direction of the deflection 
indicating on which main the greater leakage is taking place. 

20. Tests of Both Mains 

Though the insulation of the positive main is more important 
than that of the earthed negative, the latter must be maintained 
and should be tested from time to time. The simplest method is 
to disconnect the negative from earth temporarily and to connect 
the positive to earth through the ammeter instead. The insulation 
resistance of the negative is then the supply voltage divided by the 
reading on the earth ammeter. 

Another method is to remove the earth connexion temporarily, 
and to measure with a voltmeter of suitable resistance (a) the 
voltage between the mains, {i) the voltage of the positive main 
above earth, (c) the voltage of the negative main below earth. 

The sum of the latter two voltages is less than the P.D. between 
the mains. The reason of this is that the voltmeter acts as a leak 
on the main to which it is connected, and so brings its potential 
temporarily nearer to that of the earth. 

Let E = voltage between mains. 

El = voltage of positive above earth. 

Eg = „ „ negative below earth. 

R = resistance of voltmeter. 

Then it can be shown that the insulation resistance (Ri) of the 
positive main to earth is given by— 

E-(Ei + E,) 
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and the insulation resistance (Rg) of the negative main to earth is 

And also from the above— 


R2 E2 

The resistance of the voltmeter should be fairly high so as to be 
comparable with the insulation resistance measured, othenvise the 
accuracy of the test suffers. A resistance of about 10 000 ohms is 
suitable for an average distribution system. 

If an electrostatic voltmeter is used, (Ei -|- Eg) will be 
equal to E, and only the ratio of the two insulation resistances 
can he obtained. 


N.B.—^These tests can be per> 
formed while the system is aHve. 

The proof of the above formulae is 
as follows:— 

Fig. 18,16 shows the connexions 
for measuring E (which is assumed to 
remain constant) and Ej. While mea¬ 
suring the latter the voltage between 
earth and the — ve main is E — Ej. 

The current which leaks from earth 
to the —ve main through Rj comes 
from the -j-ve main to earth partly 
through Ri and partly through the 
voltmeter. 


+ V® main 



r 






“ ve main 

Fig. 18.16. —Test of Insulation 
Resistance of Live Mains. 

jE=Voltmeter connected to mains. 

JBi=Voltmeter connected between posi¬ 
tive main and earth. 


Therefore the voltages are directly 

proportional to the resistances and inversely proportional to the conductances; 


Ei:E-E, = . 


Ri R’ 


^ ‘ ^ R3' Rj R R,. 

Similarly, when the — ve main is earthed through the voltmeter. 


From (i) and (2) 
Let 


I Eff = Ri • R2' 




L = kKi, then ± 

Rj Ri 


R, = J 


_ . E - (El + EoJ 

ftEj Eg 

R- = R. 


R, 


.(I) 


. = .(2) 


and AE = L + -p I, from (i) or (2); 

^ {E - (El -h Eg)} = ^ 01 R {E - (El -h Eg)} = 1 ; 


and 


Q.E.D. 
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When the insulation resistance is obtained by means of earth 
ammeter readings the accurate values of the insulation resistances of 
the mains is given by the following formulae:— 


where E 
Ri 
R2 
R. 

li 

and I2 
These 

Art. 19, if Ra (Ii +12) can be neglected in comparison with E, which 
is usually the case unless is increased by a series resistance. 

The proof of the above follows the same lines as that given foi 
the three voltmeter readings method. 

Example 4. A voltmeter of 8 500 ohms resistance gave the^ following 
readings'.-- 

Between mains 220 volts, 

Positive main to earth 134 volts, 

Negative main to earth — 49 volts. 

[a) Find the insulation resistance of each main. 

{b) If the negative main is earthed through an ammeter what will he the 
reading on the instrument! 

(c) If neither main is earthed what is the leakage current! 

[a) Apply the formulae of Art. 16, 

Resistance of positive main = —?34^_49) ^ g 

49 

= ^ X 8500 = 6420 ohms, 

49 

and Resistance of negative main = x 8-500 

134 

= 2350 ohms. 

[h) The ammeter reading gives the leakage through the insulation of the 
positive main; 

earth current = —= *034^ A. 

6420 

(c) In this case the leakage takes place through the insulation resistances 
of the positive and negative mains in series; 

leakage current = -_= .0251 A 

6420 + 2350 




Ri = 


R,= 


E-R„(Ii + I,) 
h 

E-R„(Ii + Ia) 


“ P.D. between mains in volts, 

== insulation resistance of positive main in ohms, 

= „ >, „ negative main „ „ 

= resistance of ammeter in ohms, 

= ammeter current (amperes) when connected between 
positive main and earth, 

= ammeter current (amperes) when connected between 
negative main and earth. 

values correspond with the simple expressions given in 
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21. Fault Location. Murray’s Loop Test 

A fault on an electric power main usually consists of a break¬ 
down of the insulation between the conductor and earth. In the 
case of concentric or multicore cables the breakdown may be of the 
insulation between two of the conductors, and not to earth. In 
either case accurate location of the fault is important, so as to 
simplify the task of repairing it. 

When the breakdown is to earth and a sound cable going to the 
same point as the faulty one is available, Murray’s Loop Test is the 
best and simplest method. The faulty cable BD and the sound one 
AC are joined by a link at one end, thus forming a loop. At the 
other end are connected, as shown in Fig; 18.17, ^ galvanometer G, 
two known resistances P, R (one or both of which are variable), 
and a battery. Since one pole of the battery is earthed it is con- 



X=Testing point. Y=Point at which cables are linked. Z=Fault to earth. 

nected through the fault to the cable at Z. Therefore when balance 
is obtained on the galvanometer, by adjusting P or R or both, it 
follows by the ordinary Wheatstone Bridge relation that:— 
Resistance of R _ Re sistance of EZ 
Resistance of P Resistance of ACDZ 
If the two cables are of the same cross-section the latter resist¬ 
ances are proportional to the respective lengths; 

R a; R _ 

P "2/-* R + P 2/ 

R = resistance of JB, 

P = resistance of AJ, 

I = length of each cable = AC = BD, 

X = distance to fault = BZ. 


where 
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Thus % can be determined when R, P, and I are known. Only 
the ratio between R and P is required, not their actual values in 
ohms. 

One great advantage of this test is that the resistance of the 
fault makes no difference to its accuracy. A high resistance fault 
merely reduces the current supplied by the battery, and this can be 
increased by using more cells in series. 

[Note.—With a very high resistance fault, i.e. one whose resist¬ 
ance is comparable with the normal insulation resistance of the 
cable, the leakage through the insulation causes the test to give the 
position of the resultant fault. Such high resistance faults, however, 
usually can be left until they become worse.] 

The galvanometer and battery might be interchanged. In this 
case, however, a high fault resistance cannot be overcome by an 

increase in the battery E.M.F. 
Moreover, an E.M.F. due to 
chemical action at the fault will 
destroy the accuracy of the test. 

22. Fault-Locating Bridges 
The resistances P, R may con¬ 
veniently consist of two portions 
of a single uniform wire of plati¬ 
noid (or some similar alloy) 
stretched on a metre scale. The 
battery connexion J is made by 

a sliding contact, and '^is equal to the ratio of the lengths of 

the two parts of the wire on either side of this contact. 

In the Manchester modification, a coil whose resistance is exactly 
equal to that of the wire is placed in series with it. The connexions 
are as shown in Fig. 18.18, B being connected to the faulty cable 
and A to the sound one. 

F 4 t 2T - — _ R _ resistance of BJ 

'I R -f P J (R -|- P) ^ resistance of BJHA 
BJ . 

= gjj' resistance, 

i.e. J divides BH in the same ratio as the fault divides the length 
of the faulty cable. This modification doubles the accuracy of the 
bridge, without increasing its length. 



Fig, 18,18.— Manchester Form op 
Fault-Locating Bridge. 

J, Sliding contact. S, Resistance egtnal to 
tliat of the wire connecting B to H. 
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Raphael’s Direct Reading Fault-localising Bridge consists of a 
double wire on a scale 2 feet long viith two movable connexions 
(see Fig. 18. ig). One (S) is a cable connector which can be 
clamped in contact with any point of either portion of the wire. 
Its use is to make the length of wire employed a convenient 
multiple of the length of the “ loop ” under test; the other is 
the usual contact maker. Consequently when balance is obtained: 

X R 

'2I -l p length to balance (PF) is a 

known multiple of the distance to the fault. F.g. if the length of 
each cable is 462 yards the cable connector is set at 924 scale- 
divisions. Then if balance is obtained at 342 divisions, the fault is 
342 yards from the testing point. Hence this bridge is “ direct 
reading,” i.e. no calculation is required. 


Oatvanomelef 



B, Terminal for battery lead. P, Terminal for fanlty cable. G G, Terminals for 
galvanometer leads. K, Key. L, Terminal for sound cable. P, Sliding con¬ 
tact maber. S, Contact maker for connecting L to any one point of the slide-wire. 


In all loop tests, if the return part of the loop is made up of cables 
of a different size (or sizes) to that of the faulty cable, their equiva¬ 
lent length must be used instead of their actual length. The 
equivalent length is inversely proportional to the sectional area. 
F.g. if the faulty cable is 0*2 sq. in. section and 554 yd. long, and the 
return is of the same length but of 0*25 sq. in. section, its equivalent 

length is 554 X = 443 yd. and the length of the loop is 

554 + 443 = 997 yd- 

In such a case the distance to the fault may be more than half the 
length of the loop, in which case the Manchester pattern will not 
give a balance, unless S (Fig. 18.18) is short-circuited. 
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23. Other Methods 

Most other methods of fault location depend on ” fall of 
potential/’ or on induction.” 

A test of the former class, which is used often, is shown in Fig. 
18.20. The faulty cable (AC) is looped to a sound one (DB), and a 
large steady current is sent through the loop, preferably by a few 
large accumulators. An ammeter is inserted in the circuit to 
measure the current, and a variable resistance to adjust it to a 
constant value. A voltmeter or galvanometer is connected 
from earth to A and B in turn. 

Then if = voltage of A above earth! with the same current 
and E2 = voltage of B below earth J flowing. 

Distance to fault (AF) __ Ej 
Length of loop (ACDB) ” E^ + Eg 

If a galvanometer is used the two deflexions may be substituted 



B D 

Fig. 18.20 .—Fall of Potential Test for Fault. 

K, T-wo-way key. R. Variable resistance. 


for El and Eg, provided the deflexions are proportional to the 
voltages. 

If a sound cable of the same size as the faulty one is not available, 
calculation of the equivalent length (Art. 22) can be avoided by 
running a pilot wire back from C to the voltmeter. If E3 = voltage 
of C below earth, then— 

AF^ E, 

AC El -f Eg 

This method is accurate only if the fault resistance is small 
compared with that of the voltmeter, and if there is no E.M.F. in 
the fault comparable with Ej. 

A more accurate method is the following (Fig. 18.21). AB is 
the faulty cable, with a fault at C. AD is a sound cable, preferably 
of the same cross-section. If not, its equivalent length must be 
calculated. 
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BE and DF are testing leads which must be well insulated, but 
whose cross-section is immaterial. 

A battery is connected between B and earth, with an ammeter 
and a rheostat in series so as to keep a steady current flowing. 

A galvanometer with a high resistance in series is connected in 
turn between A and E, and between A and F, giving deflexions 
and respectively. 

Distance to fault (AC) _ 

Equivalent length of AD 4 

since CB merely forms part of the connecting lead to the galvano¬ 
meter. 

The resistance in series with the galvanometer is adjusted until 
di and 4 are as large as possible mth the same resistance. 

The leads from A, B, and D should be arranged so that the 


EARTH 



Fig. 18.21.—^Accxjr.4.te Test for Fault by Fall of Potential. 

K, Two-way key. 

galvanometer and ammeter are both at the same place, as this 
makes accuracy easier to obtain. 

The sound and faulty cables should run alongside each other if 
possible (not as in the diagram), so that their temperatures will be 
equal. For the same reason the testing current must not be such 
as to raise the temperatures of either of the cables more than about 
1° C., unless they are of the same cross-section. 

Induction methods are employed on alternating current net¬ 
works mainly. As their name implies, they depend on indications 
due to magnetic induction, and so require change of current in order 
to be used. To apply them to direct current circuits a changing 
current must be produced by using some form of “ interrupter," 
i.e. an arrangement for repeatedly making and breaking the circuit. 
A large portable search coil connected to a telephone is used to 
locate the fault. 
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24. Location of Short-Circuits 

If two cables (or two cores of a multicore cable) are short- 
circuited the position of the short-circuit can be obtained by the 
loop method (Art. 21) if a third cable is available. The connexions 
are as shown in Fig. 18.22. 

AB and HK are the cables which, are short-circuited at E. 

CD is a sound cable, looped to one of the short-circuited cables 
at BD. 

When balance is obtained on the galvanometer, G, 

Distance to short-circuit (x 4 E) __ 

Equivalent length of loop (AEBDC) R^ Rg 
where = resistance of AF 
and Rg = resistance of FC. 

It will be seen by comparing this with Fig. 18.17 that it is the 



Fig. 18.22.—Loop Test for Short-Circuit. 
K, Battery key. U, Galvanometer. L, Key. 


Murray Loop Test with one of the short-circuited cables substituted 
forearth.” 

When a third cable is not available the short-circuit cannot be 
located by a loop test on the two cables which are short-circuited. 
It can be obtained by the Overlap method. 

This consists of measuring the resistance between the cables 
from each end in turn. 

Let Rj = resistance between H and A expressed in yards of cable, 
Rg = resistance between K and B expressed in yards of cable, 
and I — length of each cable in yards. 

Then distance from A to short-circuit (AE) _ ^2. 

4 

For Ri = AE 4- HE -j- short-circuit resistance (RJ 
AE - 1 - R ,1 
Rg = 2 BE + R, 


and 
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by addition, 

Rj + Rg = 2 AB -f 2R5 


:2/+2R,. 


But AE = 


Ri — R^ 


= - Ri- 

2 * ^ 


Bi + R22 / 


_2Z -}- Ri — R2 


as stated above. 


Example 5. There is a fault in the insulation between the conductors of a 
concentric cable, AB, ^00 yd. long. The resistance of the two conductors 
measured from A is 0-387 ohm, and. measured from B 0-211 ohm. The actual 
resistance of each conductor is 0-242 ohm. Find the resistance of the fault and 
its position. 

Fault resistance — ^‘3^7,+ 0‘2ii — 2 x 0-242 
2 

= *057 ohm; 

Resistance of conductors alone between A and the fault = -387 — -657 
= -330 ohm; 

Resistance of each conductor between A and the fault = -165 ohm; 

Distance of fault from A = - 1^2 x 500 yd. 

0-242 

= 341 yd- 

Or directly from the formula (Art. 24): since i ohm = yd. of the 
cable (single conductor), 

Distance of fault from A = + (*387 — *211) X ~~ | yd. 

=i|ioo+ 364I = 341 yd. 


25. The High Pressure Constant Current System 

This system of transmission has been developed by M. Thury, 
and applied to a number of transmission systems in Switzerland 
and in France. 

Series-wound generators are used, and these are all connected 
in series. The current is kept constant, and the power transmitted 
is varied by altering the voltage. This is done by varying the 
speed of the generators, or by altering the number of generators in 
series. When a generator is not required it is short-circuited. The 
system is thus the reverse of the usual system of constant voltage 
and variable current, with generators connected in parallel and 
open-circuited when not required. 

An example is the transmission from Moutiers in Savoy to 
Lyons, a distance of 112 miles. The line current is kept constant 
at 75 A., and the pressure has a maximum value of over 60 000 
volts, thus giving a maximum output of 4 500 kilowatts. 
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This is obtained from four groups of generators in series, each 
group driven by a water-turbine. There are four generators in each 
group, mounted in pairs on common bed-plates. Each armature 
generates about 3 800 volts, and ring-windings are used. (SeeChapter 
VIIL, Art. 16.) The two pairs forming a group are connected to 
each other and to their turbine by insulated friction couplings. 

All the generating sets are insulated from earth and from each 
other by an insulated flooring. This consists of a concrete founda- 



(a) Connexions of a (ft) General arrangement of system, 

generator and a motor. 

Fig. 18.23.— Thury System of Transmission. 

tion, on which is placed a layer of asphalt and small stones i J cm. 
thick, and then a layer of pure asphalt i cm. thick. The bed-plates 
are supported on double-cup insulators resting on a foundation 
about 6 in. deep placed on top of the insulating floor. 

The motors are likewise series-wound and connected in series. 
When not required to run a motor is short-circuited. They drive 
generators from which energy is distributed in the ordinary way, 
either by direct or by alternating current. The motors are 
insulated from earth by an insulating floor in the same way as the 
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Thury generators, and from the generators which they drive by an 
insulating coupling. 

In the Moutiers-Lyons transmission the generators for distribu¬ 
tion are ii 000 volt three-phase alternating ones. Each motor 
consists of two units on a common bed-plate. This arrangement^ 
and the similar arrangement of the generators, is to allow for an 
increase of the maximum power transmitted. If this is required 
the line current wiR be doubled and the generators (or motors) on 
each bed-plate connected in paraUel so as to be capable of carrying 
it. The voltage can then be restored to its original value by con¬ 
necting new generators in series with the original ones. This is to 
overcome one of the drawbacks of the Thury system, viz. that an 
increase of maximum power necessitates an increase of voltage, 
since the current is constant. Consequently any increase of power 
beyond the original maximum wiR require fresh insulation for the 
line. 

A greater drawback is that the line losses are constant at all 
loads, and therefore the efficiency is very poor at low loads. 

The system has, however, a number of advantages over the high 
pressure alternating current system for long distance transmission. 
The main ones are:— (a) Power-factor does not reduce the watts to 
a value less than the volt-amperes; (b) the insulation needed for a 
given voltage is very much less than for an equal R.M.S. alternat¬ 
ing voltage; (c) no rises of pressure due to resonance can occur. 

The regulation, both of the generators to give constant current 
and of the motors to run at constant speed, is efiected by shifting 
the brushes. This is effected automaticaRy by regulators, whose 
action depends in the former case on the current in a solenoid, and 
in the latter on a centrifugal governor. For large changes of load 
the motor fields are altered by means of a divertor. 


QUESTIONS ON CHAPTER XVIII. 

1. What is meant by the term " drop of pressure ” in electrical conduc¬ 

tors ? On what does it depend ? Find the diameter necessary for a copper 
wire leading from a distribution board to a group of twenty loo-volt 50-watt 
lamps 40 yd. away in order that the drop may not exceed i per cent. Specific 
resistance of copper f microhm per inch cube. [C. & G., I. 

2. Six hundred H.P., at 600 volts, is to be delivered at a place two miles 
distant from an electrical generating station. Find the power and voltage of 
the generator required if the loss in transmission is to be 14 per cent, of power 
generated. Also determine the cross-section of the cable required. 

[C. & G., II. 

3. - Describe the 3-wire system of distribution, and compare it with the 


E. E., VOL. I. 
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4. A 3-wire feeder is transmitting 120 amperes along its positive and 160 
amperes along its negative. The resistance of each outer is 0-05 ohm, and 
the cross-section of the middle wire is half that of either outer. 

Calculate the power lost in the feeder. 

Find the resistance of a 2-wire feeder with the same total loss when 
transmitting 280‘amperes; and the relative amounts of copper in the two 
feeders if their lengths are the same. 

Why does the latter result not equal 5:16? 

5. Why is a balancer used in a 3-wire system ? What is the advantage 
of cross-connecting the field windings ? 

6. Calculate the cross-section of conductor required for the economical 

transmission of i 000 kilowatts 50 ml., delivered at a pressure of 40 000 volts 
"by overhead lines, the price of copper being I'jo per ton and the cost of energy 
at the generator 0-2 penny per unit. Resistivity of copper, 07 microhm per 
inch cube. Interest and depreciation may be assumed to be 6 per cent, per 
annhm, and the working hours 12 per day. [Lond. Univ., El. Eng. 

7. If the cost of 3 300-volt concentric cable is -f- 0*19) per yard 

{A = area in square inches), what is the best size for transmitting 300 kVA. 
10 ml. for 7 hr. per day; 3 000 volts P.D. at receiving end; cost of generation 
^d. per kWh.; interest and depreciation together = 8 per cent. ? 


Take resistance of a single cable per mile at the working tempera¬ 

ture. 

8. ((^) A 5 ooo-ohm voltmeter gave the following readings on a 2-wire 
distribution system;— 


Positive main to negative main.220 volts. 

„ „ ,, earth .150 „ 

Negative „ „ „ .— 45 „ 

Calculate the insulation resistance of each main. [C. & G., II. 


(b) Why is the difference of the last two readings (195 volts) less than the 
first reading ? 

g. Describe the Murray Loop Test for locating a fault. 

W hat difference does the resistance of the fault make to the test ? 

10. Two similar cables lie side by side under a street. Both ends are 
accessible at manholes. One of the cables has a fault to earth. How would 
you find the position of the fault by means of a Wheatstone bridge ? 

rc. & G.. IT. 


TESTING 

P OINT 


L 


E 


FAULT TO 

pNW earth 


Id 


II. If a distributor with two branches has one looped at L but has a fault 
on the other branch as shown, what will be the distance to the fault according 
to the test ? How can the true distance ACE be found ? 
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12. Prove that if the transmission line has the best area as given by- 
Kelvin’s Rule the current density is the same for all distances of transmission 
and for all values of the power transmitted. 

Is the above still true when the modified rule is used ? 

13. Make a diagram of connexions showing the necessary machines in the 

supply station of a three-mre direct current system. What is the object 
of a balancer, and how does it act ? If the supply voltage on each side of the 
three--wire system is kept at the same value at a feeding point, what is the 
effect on the voltage at terminals of lamps on each side, if the load on one side 
of the system is greater than on the other side ? [C. & G., 11 . 

14. A faulty 7/-o8o in. feeder 628 yd. long is looped to a i9/-o64 in. feeder 
of the same length. Balance is obtained at a point 61 per cent, of the total 
length of the slide-wire from the end to which the faulty feeder is attached. 
Find the position of the fault. 

15. Give a diagram of connexions for a “ fall of potential ” method of 
fault location. Explain how the position of the fault is found, and any 
disadvantages from which this test suffers. 

16. Calculate the H.P. transmitted and the efl&ciency of transmission by 
two lines each of 2*16 ohms resistance and carrying 200 A., the voltage at 
the receiving end being 10 000 and cos ^ = 0*8. 

If the same H.P. is transmitted by t^ee-phase currents the same distance 
and with the same power-factor using an equal total weight of line copper 
and with the same line voltage, find the line currents, the voltage at the 
generating end, and the efficiency. 

17. Three lines each carry 120 A. and have a resistance of 3-25 ohms. 
The P.D. between any pair of lines is 10 000 volts at the receiving end and 
cos <l> = 0*7. Calculate the horse-power transmitted, the line P.D. at the 
generating end, and the ef&ciency of transmission. 

What H.P. could he transmitted through two lines of the same size with 
the same P.D., power-factor, and efficiency? 

18. Compare single-phase with three-phase transmission as regards line 
copper, (a) for high pressures, (&) for low pressures. 

19. Compare the amounts of copper required for transmitting electrical 
energy with the same efficiency a given distance by (a) direct currents, 
(6) two-phase alternating currents, and (c) three-phase alternating currents, 
supposing, firstly, that the maximum volts to earth are the same in each case, 
and, secondly, that the maximum volts between conductors are the same. 

20. Determine the necessary cross-section for each wire of a three-phase 

transmission line designed to convey 500 kW. over two miles at 6 000 volts, 
with an efficiency of 95 per cent. Specific resistance of copper 0*7 microhms 
per in. cube. ^ 

21. How many 60-watt 220-volt lamps can be supplied, [a) through two 
0-5 sq. in. conductors; (6) through three o-i sq. in. and one 0-05 sq. in. 
conductors. 

The drop must not exceed 10 per cent., and the distance of transmission 

is one-quarter mile. . tx 

State percentage saving of copper, and increase of power, m (0). If no 
copper were saved, what would be the percentage increase of power ? 

22. An ammeter of 0*2 ohm resistance in series with a rheostat of ii-S 
ohms reads 47 amp. when connected between the positive of a 230 V. supply 
and earth; and 2-8 amp. when connected between earth and the negative. 
Find the insulation resistances of the two mains. 


E, E., VOL. I. 
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APPENDIX A 

ELECTROMAGNETIC RELATIONS AND LENZ’S LAW 

1. The strength of the field due to an isolated magnetic pole of 
strength m, at every point on the surface of a sphere of diameter 

r cm. having the pole as centre is This is therefore the number 

of magnetic lines passing through each sq. cm. of the sphere’s 
surface (see Chapter IV., Art. 2), and everywhere perpendicular to 
it. Therefore the total number of lines coming from the pole 

m , 

= — X 4^^ = 

and in particular, from unit pole 477 (= 12*57) issue. 

2. When a magnetic pole is moved from a point to another of 
higher magnetic potentid, the work done must appear in some 
other form, which may be either potential energy or electrical work 
in neighbouring circuits. If the pole is carried round a circuit to 
the point from which it started the work done (if any) must be 
converted into the latter form, since no potential energy is produced 
in this case. 

Now, the work done on the pole 

= mlH.dl — mWl ergs (if H is uniform), 
where m = pole strength 

and jH.dl {or H.l) — magneto-motive force in the circuit (see 
Chapter IV., Art. 12). 

And the work performed in the electrical circuit 

= E.Lt ergs (see Chapter II., Art. i), 
where E = average E.M.F. in C.G.S. units due to 

the movement of the pole, 

I = average current in the electrical circuit 
in C.G.S. units, 

i = time in seconds taken in moving the 
pole round the magnetic circuit. 

= EIt. 

3. Thus if the current is induced by the movement of the pole, 
i.e. is caused by the E.M.F. due to this movement, it must produce 
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a force opposing the movement. This leads to Lenz's Law, which 
may be stated as follows:— 

When a current is induced by the relative movement of a 
magnet and a conductor, its direction is such that it opposes the 
motion which produces it. 

This law is therefore merely a particular case of the general law 
of the conservation of energy. 

4. The strength of field at any point r cm. from a straight 

2I 

conductor carrying a current of I C.G.S. units is ~ (cf. Chapter IV., 

Art. 3) and is perpendicular to the radial line to the point from the 
axis of the conductor. Therefore if a pole of strength m is carried 
round the wire in a circle of radius r with its centre in the axis of 
the wire, the work done on this pole 

2I 

= w.— .2TTr = .m ergs. 


This is independent of the radius; and any movement along a 
radial line requires no work. Any circuit round the wire may he 
built up of a number of short arcs and portions of radii, and so 
for any path the work done = 

Consequently the magneto-motive force = 4^/, the work done 
on unit pole (see Chapter IV., Art. ii). 

5. In the above case the average rate of change of the flux (or 

rate of cutting of lines) = since each line is cut once but not 
t 

more often, the return part of the electric circuit being at an infinite 
distance. But, from Art. 2, 

Elt = m,\\l = 

• ^ = 


i.e. the E.M.F. is equal to the rate of cutting, or— 


Electromotive force in volts 


rate of change of flux 
108 


6. If the conductor, instead of being a long straight one, is a 
single turn of any shape, the number of “ cuts ” caused by moving 
the magnetic pole round any circuit linking with the conductor is 
still 47TW, Therefore the induced E.M.F. is unaltered if t is un¬ 
changed, and in any case the product Ext remains equal to. 
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Thus, using again the equation of Art. 2, it follows that the 
magneto-motive force = as in the special case of Art. 4. 

7. If a coil of more than one turn is used the number of cuts is 
increased in the ratio of the number of turns (ZJ). Therefore the 
E.M.F., and so the are increased in the same proportion. 

Thus— 

Magneto-motive force = 

in aH cases; or if the current is measured in amperes— 

10 10 

(See Chapter IT, Art. 2 and Chapter IV., Art. 13.) 



APPENDIX B 

THE METRE-KILOGRAM-SECOND SYSTEM OF UNITS 

This system, devised by Giorgi, is known generally as the 
M.K.S. system. It differs from the C.G.S. system in using the 
metre as the imit of length, and the kilogram as the unit of mass. 
But the main difference is that the permeability of air is taken to 
be, not unity, but i/ioL The following are the main resulting units. 

Unit of force (M.K.S.) = mass x acceleration = lo^ X lo^ 
= 10^ dynes. 

Unit pole is that which repels an equal pole at i metre (lo^ cm.) 
in a medium of unit permeability with unit force (M.K.S.). From 
the formula:—F = it follows that two unit M.K.S. poles 

I cm. apart in air repel each other with a force of lo’ x (lo^)® 
M.K.S. units, which is equal to lo^^ x lo® dynes, i.e. lo^® dynes. 
Hence i M.K.S. pole = lo^ C.G.S. unit poles. 

The M.K.S. unit of E.M.F. is that due to cutting i M.K.S. line 
per sec., i.e. lo^ C.G.S. lines per sec., and so is the same as the volt. 

Again the M.K.S. unit of current is that which, flowing in a 
conductor curved to a radius of i metre, exerts on unit M.K.S. pole 
at the centre, unit M.K.S. force per metre of conductor. Hence 
unit M.K.S. current = (io^) 2 .io 5 /(io®.io 2 ) C.G.S. units = i/io 
C.G.S. unit = I ampere. 

The M.K.S. unit of work or energy = force x displacement 
= 10^ X 10^ = 10^ ergs = i joule. 

The remaining electrical units depend on those dealt with 
already. Hence all the M.K.S. units coincide with the practical 
units. This abolition of the powers of lo, necessary when converting 
from C.G.S. units to practical units, makes the ultimate adoption 
of the M.K.S. system likely. 
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MSWERS 

Questions on Chapter II. {Page 21.) 

2. 1185ft. 3. 1*572 amperes. 

Questions on Chapter III. {Pages 62, 63.) 

1. 8-31 microhms per inch cube; 85*2 yd. 

2. 50° C. or 51° C., according to initial temperature. 

3. '00395 per ® C. at 15° C., or *00419 per ® C. at 0° C.; 11*04 ohms. 

4. 98*5 per cent.; 15*49 ohms. 

5. *00532 sq. in.; *01246 sq. in.; *0337 sq. in.; ’0657 sq. in. (All with 

B.E.S.A. lay.) 6. 0*545 ohm. 

7. 1*890 ohms per ml; 350 megohm-ml. 8. *0648 ohm; 443 megohms. 
II. 1076 megohm-ml. 13. 33*6 A.; 1495 A. per sq. in. 

14. (a) 5*43 A.; 12*7 A.; 2*33; {h) 10*4 A.; 20*9 A.; 2*01. 

15. 12*75 A. (Preece) or ir*o A. (Russell); 13*7 X 10® A. per sq. in.; 

lo-i X 10^ A. per sq. in. (Preece) or 8*75 X 10® A. per sq. in. (Russell). 

17. 62*7 A. (Schwartz), or 61^4 A. (Maccall). 

18. By Schwartz’s formula, which does not apply to this size, 82*2 A.; by 

the author's formula, 73*6 A. 

19. {a) 8260 (Schwartz), 3 930 (Maccall); (&) 12 300 (Schwartz), 5 810 (Maccall). 

Questions on Chapter IV. {Pages 112-114.) 

2. 377. 4. 2610. 7. 7960. 8. 95; 239; 382; 668; 450. 

9. 398, 796,955, 1114, and 995 extra; 493.1035,1337.17S2, and 1445 total. 

10. 290. II. 836. 12. 4*95^..; 0*26A.; 19 : i. 

13. 7*34A.; 1*45 A*: 5-1 I* 

17. 8240 (neglecting fringing); 6230 (with allowance). 

18. 33|; 3350 yd.; .*071 in. diam. (say 15 S.W.G.); 17*8 sq. in. (D.C.C.). 

19! rog mm. diam.; i*2i kilograms. (MB.—This requires a single layer 
only.) 

20. 105 lb. wt. 22. 0*95 lb. with about 10 in. of rod inside coil. 

23. 0*208 ton. 24, 4 7101^* wt* >* 10^5 

25. Equal. 26. 0*727 sq. mm.; 12 220 turns. 

Questions on Chapter V. {Pages 157-162.) 

I. [a] 1*12 (6) 1*17; (^) (^) 1-22. 2* 177; 16-4: 

3. 8*28 A.; 1*17; 1-52; 1171 A. 

7 ii-iA- 167 volts; III volts; 0-83. 8 A.; 120 volts; 160 volts; o*6o. 
g! 10*6 A.' 9*I9 'iA. 10. 0*368 henry. 

11. 0-82; 6-09 ohms; 4*24 ohms. 

12. {a) 0; 1*0. (&) 332 ohms; 0*83. (c) 441 ohms, 0-75. 13. 22*7 volts. 

14. 4 800 watts; 226 volts; 42*4 A. 9600 watts; 0*50. 

15 334 volts; 6*20 A.; 1853 watts; o*go; 25°. 

16! 7'ii A.; 224 volts.; 1*56; 179* noowatts. cos= 0*71; cos 0*69. 
18 174 volts, 115 volts on coil; 199 volts on non-inductive part. 
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19. 29*2 ohms; 29*3 ohms; 0*102; o*6o. 17 per cent. 

20. 8*89 ohms; *0283 henry; 8*97 ohms; 0-133; ^>783. 

21. 179 volts; 28*1 ohms. 139 volts. 

22. 8*15 ohms; 8-i8 ohms. i8-8 A.; 78 volts on coil, 66 volts on resistance. 

23. -042 A. 24- 0-193 microfarad. 25. 19-5 piF; 0*46 leading. 

26. 4*48 A.; 7*54 A. 27. 7-07 A.; 16-7 A. 

28. 7*90 A. 64^° lead. 29. 8*76 X 10® cycles per sec. 

30. 1570 volts; 1560 volts. 

31. o*6i A. at 50 4-81 A. at 100 0*66 A. at 200 103 cycles per 

sec.; 5 A. 32. (a) 0-75 henry. (&) 6-8 henries. 

33. 175 ohms. 525 volts; 150 volts; 390 volts. 0-80; 0-38; 0-51. 

34. 1*22 A. 305 volts on coil; 129 volts on condenser. i*o8 A. 270 volts; 

114 volts on ist condenser; 172 volts on 2nd; 286 volts across the two. 
35 * oj 150 ohms; 400 ohms. 806 ohms; 743 ohms. 403 volts; 371^ volts. 

36. 20 A.; 25 A.; 40-3 A. o*io; 0*125; 0-202. 

37. 0*92; 255 microfarads; 37 A. 38. 26-3 A.; 0-90. 

39. 19-6 A., power-factor 0*39; 4*0 A., power-factor 0-04; 23-4 A., power 
factor 0*34. 40. 1*26 A.; 1*73 A.; 1-55 A. 

41. 14-9 A. 42. 5-56 A.; 6-46 A.; 7*78 A.; 9*34 A.; 11*05 A. 

43 * 0*50 A.; 2*49 A.; 2-12 A.; i*ooA.; 1-48 A.; 0-66A. 

44. i6*7 A.; 17*9 A.; 16*7 A.; 33-0 A. 

45. 10-7 A.; 0-26. 182 ohms; 0-19 henry. 46. 960 volts. 

47. 3-n jxF; (a) 5 000 ohms, (b) i 950 ohms. 

48. 22*5 ohms; 34*6 ohms; 138 watts; 386 watts. 

50. (a) 159 ohms. (6) 112 ohms; 75-7 ohms, (c) 204 watts. 

51. 5 000 amperes per sec. 

Questions on Chapter VI. {Pages 178-180.) 

1. 4 670 volts, (a] 100 A. in both cases. (6) 130 A., or 57 A. 

2. 208 A., 250 A. and 312^ A.; 400 A., 455 A. and 488 A. 

3. 562^ A., 455 A. and^256 A.; or 315 A., 455 A. and 460 A. 

5. 1st and 2nd waves:—332 volts, 1-17; 3rd wave:—470 volts, i-o8 : ratio 

1-41. 

6. ist and 2nd waves:—166 volts, 1-17, 1*54; 3rd wave:—286 volts, i*ii, 

1-50 : ratio 1-72. 7. 137 volts; 1-08; 1-33. 

8. ist and 2nd waves:—325 volts, i*i6. 1-60; 3rd wave:—337 volts 1-06 

I-38 : ratio 1*04. 

9. (a) 12-5 A. lagging 46°; {&) 7-32 A. lagging 77°; (c) 17-2 A. lagging 35^^ 

11. 6500 H.P. 

12. 80 kW. (a) 5-55 ohms, (b) 1-85 ohms; 5-78 ohms; 4-44 ohms. 

14. 4'It A. per core, or 7-12 A. equivalent current. 0-30 /xF per mile. 

15. 1*92 A. per core. 

Questions on Chapter VII. (Pages 230, 231.) 

1. (a) 97 ohms; (b) 0*01508 ohm. 

2. 0-263 ohm; 0*0505 ohm; 0*01253 ohm; 0*25 ohm; 0*05 ohm; o-oi ohm. 

8. 802 kWh.; 17-4 A. 12. los.; 3*67d. per kWh. 

21. 0-96 per cent.; o*67d. 25. (a) no volts; (b) 80 volts. 
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Questions on Chapter VIII. {Pages 251, 252.) 

3. 0-862 X 10® lines. 9. 232 volts. 

12. 6>pole:—206 (33 and 35), and 208 (35 and 35); 8-pole:—206 (25 and 
27); lo-pole:—208 (21 and 21). 

13 - (^) 54 i 13 13 (or 15)1 {^) 60; 15 and 13 (or 17); (c) 56; 13 and 13 

(or 15 and 15). 

Questions on Chapter IX. {Pages 286-288,) 

2. 417 per pair of poles. About 2 per cent. 4. 2*19 volts. 

8. 4*44 volts. 12. 0-78 volt. 16. 7 960. 

17. -ooig C.G.S. units; 4 210. 18. 7140 per pair of poles. 

19. (a) 2-3 per cent.; (6) 300 per pair of poles. 

Questions on Chapter X. {Pages 321, 322.) 

6. (a) 230 volts; 20-7 kW.; (6) 230 volts; 20-7 kW.; (c) 460 volts; 4i-4kW.; 
{d) 230 volts; 41-4 kW. 7. 9 ft. diam. x 12 in. long. 

15. 314 V., 287 V., 261 V.; 311 V. r6. 20 kW. and 30 kW.; 236 V. 

Questions on Chapter XI. {Pages 349, 350.) 

1. 35*2 Ib.-ft. 2. 42600. 3. 1078 Ib.-ft. 10. 582; 570; and 559r.p.m. 

12. 3*54 ohms; (a) 28 r.p.m. increase; (6) 140 r.p.m. increase. 16. 586r.p.m. 

23. 34° C.; {a) 39FC.; (&)4i°C. 

24. 40-1° C. (40-9 from i-hr. and 2-hr. readings); 2-02 hr. 

Questions on Chapter XII. {Pages 371, 372.) 

2. {a) 81-5 per cent. (&) 92-8 per cent.; (c) 96-6 per cent, [d) 13-0 kW. 

3. 255-4 454‘S volts; 94-7 per cent; 92-1 per cent. 

4. 52-2 A.; 237*2 volts; 93-0 per cent. 5, 90-0 per cent. 

6. 94-3 per cent.; 84-8 per cent.; 4210 watts, ii. 88-9 per cent. 

Questions on Chapter XIII. {Page 392.) 

2. 90 per cent; 77*7 per cent. 4. 133. 13. -00028 ohm. 

Questions on Chapter XIV. {Pages 417, 418.) 

6. 4-8 cm.; g-r cm.; 13-1 cm.; i6-8 cm.; 20-2 cm.; 27-8 cm.; 34-3 cm. 

9. 20. 0-71. 10. 1100. ri. 1670. 

15- {a) 2-30 ft.-candles; {b) 0-40 ft.-candle; (c) 0-75 ft.-candle. 

16. I to 0-089; 24 ft. 8 in. apart; (i) i to 0-124; i^) i to 0-617; assuming 

V.P. to be perpendicular to line joining the lamps. 

Questions on Chapter XV. {Pages 439, 440,) 

3. Diameters 1-18 to i; lengths 0-542 to i; {a) by 60 per cent. 

4. Diameters 1-35 to i; lengths 0-58 to i; strengths 1-77 to i. 

9. 43-1 to 57-6 (assuming C.P. a E^); 25-2 to 40-3 (assuming C.P. cc E®- 5 ). 

10. For energy only:—(a) •i8od., -igjd., -300^.; (6) •0113d., •oo4rd., •0035d. 
12. 0-354 A.; 125 volts and 115 volts. 

Questions on Chapter XVI, {Pages 457, 458.) 

3. 102 volts. 

8. (1) Balance at 750 A., 50 volts boost at 775 A.; (2) Balance at 480, A. 
50 volts boost at 500 A.; (3) Balance at 600 A., 50 volts boost at 625 A. 
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10. (a) 30 kW., 45 82 per cent,; (6) 8 kW„ 1^6 9i Per cent. 

II (a) 13 kW., 19-6 B.H.P., 79 per cent; (6) I0'3 B.H.P., 6-4 kW., 84 per 

ce£t.; (r) 4 kW., 6-8 B.H.P.. 86 per cent. 

Questions on Chapter XVII. {Pages 492-494.) 

2. S40 turns; 13-3 A.; 320 A. 

3. (a) 1071 volts, [i] 10-2 kilolines per sq. cm. 

4! (a) 0.79 A.; 1-07 A.: 1-59 A.;. 2.34 A. (6) 0-89 A.; 1-28 A.; 1-88 A; 

6. Pitol^ 15-5 volts; secondary, 1-70 volts. 3-48 volts, (a) -0160 ohm. 

(&) 1-21 ohms. 7. -0463 ohm; -0709 ohm. 4-02 volts; 7-36 volts. 
8 . 0-315 ohm; 0-98 ohm. 6-3 volts; i9‘5 volts, 
q. (a) 2-1 per cent. ( 6 ) 4*3 , 

TO (a 97-0 per cent.; 97*2 per cent.; 97*0 per cent.; 957 per cent-j W 
pS^ent. (6) 95-7 per cent.;- 96-0 per cent.; 95-8 per cent.; 93-9 per 
cent. 87-3 per. cent. 

11. 3*38 volts; 95-81 per cent. 35 kVA.; 95*85 per cent. 

16* 19.9 A. to 29-8 A. I 800 watts (with 3-5 ohms) to 440 watts. 

19. 5-4 kW.; 96-2 per cent. 


Questions on Chapter XVIII. {Pages 529-531-) 

I. 0.157 mch. 2- 52c kW.; 698 volts; fnS sq. in. 

4. 2160 watts; -0138 ohm for each wire; 0*345 : i. 

6'. *0467 sq. in. (with 300 working days per year). 

7. 0*109 sq. in. (with 300 working days per year). 

■8. Positive 2780 ohms; negative 833 ohms. 

14*. 604 yd. from the testing point. 

16. 2 145 H.P.; 90-3 per cent. 115 A.; 10 520 V.; 92-5 per cent. 

17'. I 950 H.P.; 10 470 V.; 91-2 per cent, i 390 H.P. 

20. *0238 sq. in. 

21. (a) 2 080. (6) 2 500. 65 per cent, saving; 20 per cent, increase. 243 

per cent, increase. 

22. Positive 50 ohms; negative 3® okms. 
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ABBREVIATIONS, viii 
Accumulators, 373 

— charging of, 301 
Active voltage, 134 
Admittance, 149 
Advantages of electricity, 1 
Alloyed iron, 354 

Alloys, 27 

Alternating current, 115 
Aluminium, 24 , 54, 58 
Ammeters, classification of, 181 
Ampere balance, 14 
Ampere-conductors, 286 
Ampere-hour meters, see Quantity 
meters 

Ampere-turns, 65, 71,105 

-, armature, per pole, 286 

-, calculation of field, 258 

-for air-gaps, 262 , 264 

-teeth, 262 , 263 

Amplitude, 116 

— factor, 121 
Anchor ring, 68 
Armature coil, 237, 312 

— core, 235 , 308 

— diagrams, 242 

— reaction, 253 , 256 , 327 

— winding rules, 238 

-tables, 240 

Artificial lighting, 393 
Asbestos,- 38 

Auto-converter, C.M.B., 453 
Auto-transformer, 490 


BACK ampere-turns, 255 

— E.M.F., 323 
Back-booster, 451 
Bakelite, 39 

Balanced loads, 171, 499, 506 
Balancers, 502 , 503 
Ballistic galvanometer, see Galvano¬ 
meter 

— test, 90 

Bar and yoke method, 89 

— winding, 237 
Barrel winding, 237 


Bastard winding, 237 
Battery booster, 444 

-, automatic reversible, 445 

-, Entz, 449 

-, exciter-controlled, 448 

Bayonet socket, 425 
Bearings, 312 
Bedding of wires, 102 
Bipolar, 234 
Bismuth spiral, 100 
Bitumen, vulcanised, 41, 43 
Blackening of lamps, 426, 432 
Board of Trade unit, 12 
Bolts for accumulators, 383 
Booster, 442 

— and motor-generator, comparison 

of. 450 

—balancer, 503 

See also Battery booster, Feeder 
booster, and Negative booster 
Boosting charge, 389 
Boxplate, 381 
Brake, 360 
—, eddy current, 360 
Brightness, 396 
Bronze, 28 
Brushes, 271, 276 
Brush-holders, 317 

— rocker, 318 


CABLE, 39 , 41 

Cables, laying of, see Laying of cables 
Cadmium copper, 28 
Calibration, see Galvanometer, Poten¬ 
tiometer, etc. 

Candle-hour, 396 
Candle-power, 395 
-, British standard, 397 

— —, mean horizontal, 396, 407 

-spherical, 396, 408 , 410 

-, spherical, 396 

-, variation of, with time, 427 

-voltage and current, 428 

Capacitance, 10, 139 

— current, 137 

-of three-phase cables, 176 
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Capacity of accumulators, 384 , 388 

-tests of, 389 

Carbon, 28 

— brushes, see Brushes 

— filament, see Filament, Carbon 
Carcel, 400 

Carrying capacity, 52 , 55 
Central station, 2 
C.G.S. system of units, 9 
Characteristic curve of generator, 289 , 
291-4 

—, mechanical, of motor, 327 
Charge and discharge of cells, 374 

-, change of voltage during, 

376 

Chloride plates, 380 

Choking coil, 135 

Circulating E.M.F., 167 

Circular mil, 23 

Clark standard cell, 19 

Clock diagram, see Crank diagram 

— meters, 202 

C.M.B. auto-converter, 453 

Coercive force, 78 

Coil, attraction of, on core, 109 

— winding for armature, 237 . See 

also Magnet-coil 
Commutating E.M.F., 275 

— poles, see Interpoles 
Commutation, 269 , 272 
—, ideal, 273 

—, methods of improving, 284 
Commutator, 236 

— construction, 314 

— risers, 315 

Compensating winding, 283 
Components of voltage, etc., 134 
Compound-wound generator, 234, 
293 , 298 

-generators, series windings of, 

268 

-motor, 329 

Conductance, 149 

Conductivity, 22 

Conductor, 3, 39 

Conduit, cable, 516 

Constant current generators, 454 

-system, 527 

Contact resistance, 271 
Containers for accumulators, 382 
Contraction coefficient, 265 
Control, gravity, 182 
—, spring, 183 
Controlling force, 182 
Cooling of transformers, 489 
Cooper Hewitt lamp, 438 
Copper, 24 


Costs, comparative, of incandescent 
lamps, 436 
Cotton, 37 
Crank diagram, 123 
Crest factor, see Peak factor 

— valve, see Peak valve 
Cross ampere-turns, 256, 257 
Cross-magnetising effect, 253 , 266 
Cross-reluctance, 284 

Current, the electric, 8 

— density, 52 

Cut-out, 455. See also Overload 
release 
Cycle, 116 
Cychc state, 389 


DAMPING, 83, 183 
Daniell cell, 10 ,17 
Deflexional instruments, 181 
Delta connexion, 166 , 508 
Demagnetising effect, 69 

^-of armature currents, 255 

Demand indicators, see Maximum 
demand indicators 
Dielectric hysteresis, 36 

— losses, 36 

— strength, 35 

Differential-wound motor, 329 
Differentially-wound booster, 445 
Dimensions, speed, and output, rela¬ 
tions of, 303 
Discharge lamps, 438 
Distributor, 6 
Diversity factor, 515 
Divertor, 296, 448 
Divided-pole machines, 452 
Double-wound machines, 441 
" Drawing-in '* of cables, 516 
" Drop " in transmission, 495 
“ Dummy ” load, 226 
Dynamo, see Generator 
Dynamometer instruments, 192 
Dyne, ii 


EARTH ammeter, 517, 518, 520 

— inductor, 85 
Ebonite, 37 

Economy, comparative, of L.P. sys¬ 
tems, 505 

-H.P. systems, 507 

Eddy current brake, 205, 210, 360 

— currents, 235, 353 
Edison storage cell, 387 
Effective value, 120 
Efficiency, 356 
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Efficiency, calculation of, 358 

— of cell, 385 

-tests of, 389 

-a filament lamp, 419 

-transformer, 476 

-transmission, 495 

Electric loading, 305 
Electrolytic meters, 202, 203 

-testing of, 229 

Electromagnetism, Chap. IV. 
Electron, 7 

Electrostatic voltmeters, 195 
“ Embedded '' length, 278 
E.M.F. formulae, 246 

— of an armature conductor, 236 
E.M.F.s in lap winding, 244 

-wave winding, 246 

Enclosed motors, 342, 347, 356 
Energy in choking coil, 136 
-condenser, 140 

— meters, 201 

Entz battery booster, 449 
Equalising rings, 250, 315 
Equivalent cross-section, 40 

— circuits, 473 

— current, 175 

— length, 523 
Errors, meter, 229 
Evolute winding, 237, 315 


FALL of potential test, 524 
Fault location, 521, 524 
Fault-locating bridges, 522 
Faure plates, see Pasted plates 
Feeder, 6 

— booster, 442 
Ferranti-Hamilton meter, 207 
Field magnet, 234 

— magnetic, 64 

-strength of, 65 

Field's test, 365 
Filament, 419 

—, carbon, 421, 423 

— lamp, 419 

—, metallic, 421, 425, 426 

— relation between dimensions and 

candle-power of, 420 
Flashing, 424 
Flat-compounded, 293 
Fleming lamp, 400 
Flux-densities usual in dynamos, 286, 

305 

Flux-density, 69 
Flux measurement, 84 
Fiuxmeter, Grassot’s, 99 
Foot-candle, 396 
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Force between magnetised surfaces, 
108 

Formation, 378 
Formed plates, 377, 379 
Former for coils, 237 

-filaments, 423 

Form factor, 122 
“ Free ” length, 278 
Frequency, 116 
Fringing, 74 

— coefficient, 262 
Fuse-holder, 55 

-effects of, 56 

Fuse laws, 56 
Fuses, 54 

— rectangular, 57 

— stranded, 57 


GALVANOMETER, baUistic. 83, 

84 

-calibration of, 85, 87 

Gas-filled lamp, 432 
Gassing,. 375, 386 
Generating set, 2 
Generation, A.C., 5 
Generator, 2, 3, Chaps. VIII., X. 
Grids (for accumulators), 277, 278 
Guard wire. Price's, 45 
Guttapercha, 37 


HALF wave, 115 
Heaters, electric, 58 
Heating limit, 342 

— of conductors, 51 
Hefner, 400 

— lamp, 399 
Henry, 127 

Highfield battery booster, 449 
Home Of6ce, 427, 518 
Homopolar generators, 248 
Hopkinson test, 361 

-for series-wound dvnamos, 

364 

—, series, test, 362 

Horizontal distribution curves, 407 

“ Hospital ” cells, 386 

Hot-wire instruments, 193 

Hydrometer, 376 

Hygroscopic insulators, 37, 38, 42 

Hysteresis, 79 

— loss, 80, 352 

— test, 95, 96 

— tester, Ewing’s, 97 
Hysteretic coefficient, 82 
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ILLUMINATION, 396, 397 
—- on a horizontal plane, 415 
Impedance, 128, 145, 146, 147 
Incandescent lamps, sea Electric dis¬ 
charge lamps, and Filament 
lamps 

Indiarubber, 34 , 37 
Inductance, 10 ,125 
Induction, see Flux-density and Lines 
of force 

Induction meters, 202 

— test, 525 

Insulation resistance of cable, 45 

— test, cable, 43. See also Mains 

testing 

— tests of wiring, 48 
Insulators, 8 , 33 

— for secondary cells, 382 
Intermittent loads, 347 

Internal resistance of cell, Tests of, 
390 

Interpoles, 281, 283 
Ion, 8 

Iron, magnetic elffect of, 67 
Iron-nickel accumulator, 387 


KELVIN’S rule. 510 

-for cables, 511 

Kennelly’s construction, 410 
Kilowatt, II 
Kilowatt-hour, 12 


LAG (of brushes), 327 
Laminated pole shoes, 320 
Laminations, armature, 235 , 308 
Lamp-hour, 436 
Lamp spinner, 408 
Lap winding, 238, 249 
Lay,” 40 

Laying of cables, 516 
Lead, brush, 253 , 275, 327 
Lead peroxide, 374 

— sulphate, 374 
Leading-in wires, 423 

" Leading ” pole tips, 254 
Leakage, 48 

— coefficient, 74 

— flux, 74 , 469 

—, magnetic, 74, 259, 469, 471 
Lenz's Law, 532 
Life of filament lamps, 426 
Light distribution curves, see Hori¬ 
zontal distribution curves and 
Vertical distribution curves 
Lighting, i, Chap. XIV. 


Lines of force, 64 
Load factors, 514 
Logarithmic decrement, 84 , 87 
Loop-test, Murray’s, 521 
Losses, brush, 351 , 354 

— copper, 351 

— d]pamo, 351, 357 

— friction, 351 . 355 

— iron, 351 , 352 
Lumen, 396 

Luminous efdciency, 394 

— flux, 395 

— intensity, 395 
Lundell pole, 285 
Lux, 396 


MAGNET bobbin, see Spool, magnet 
Magnet-coil winding, 102 
Magnet, lifting. 111 
Magnetic circuit, 73, 75 
-of a dynamo, 260 

— clutch, 111 

— field, methods of producing, 233 

— force, 68 , 69 , 70 
Magneto, 234 

Magneto-motive force, 69, 70, 71, 533 
Mains testing, 517, 518 
Maintenance of cells, 386 
Mass-resistivity, 23 
Maximum demand indicators, 211, 
212 

-system, 513, 515 

Mean value, 120 
Mechanical analogies, 141 
Megger, see Ohm-meter 
Megohm, ii 
Megohm-mile, 45 
Mercury motor meters, 206 , 207 

— vapour lamp, 437 

Merz demand indicator, 212 
Mesh, see Delta 
Meters, see Supply meters 
Metre bridge, 223 
Metre-gramme, 23 
Mica, 38 

Middle wire, 499 , 506 
Mil-foot, 23 

" Milking ” booster, 386 
Ministry of Transport, 443 , 444 
M.K.S. system of units, 535 
Motor, dynamo used as, 323 
—, generator run as, 337 
Motor-generators, 441 
Motor-meters, 205, 207 

-meters, testing of, 227, 228 

Motor-startor, 330, 339 
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Moving coil instruments, 50 ,190 

— iron instruments, 187,189 

— magnet instruments, 151 
Multiple windings, 248 
Multiplex windings, 248 
Multiplier, 197 

Multiply re-entrant windings, 249 
Multipolar, 234 
Mutual inductance, 154 


NEGATIVE booster, 443 
Network, supply, 6, 495 
Neutral position of brushes, 276 
— wire, see Middle-wire 
No-voltage release, 331 
Null, see Zero 


OHM-METER, 49 
Oil-thrower, 311 

One-coil transformer, see Autotrans¬ 
former 

Open-circuit test, 474 
Out-of-balance current, 500 
Output, 291 , 303 

— coejfficient, 304 , 306 

— line, 289 

Over compounded generator, 294 
Overlap method, 526 
Overload release, 332 
Overloads, 345 


“PAIRING,” 431 
Paper, 38 

Parallel, generators in, 301 

— working of transformers, 481 
Pasted plates ,378, 381 

Peak factor, 121 

— value, 116 
Pentane lamp, 397 
Perfectly black body, 393 
Period, 116 
Periodicity, 116 
Permeability, 67 
Permittivity, 35 

Phase, 117 
difference, 117 
Photo-electric cell, 406 
Photometer, 401 , 402 
—, flicker, 405 
—, globe, 411 
—, illumination, 405 
—, Lummer-Brodhun, 403 
Photometry, 395 , 401 
—, arc, 412 


Pitch of armature winding, 238 
Plants plates, see Formed plates 
“ Platinum temperature," 30 
Poles, attachment of, 320 

— number of, 306 
Pole-shoe, 285 
Polyphase supply, 163 
Porcelain, 39 

Post Offlce box, 224 
Potential, magnetic, 70 
Potentiometer, 213, 214, 215 

— ammeter calibration by, 225 

— Crompton-type, 217 

— current measurement by, 225 

— measurement of resistance by, 219 

— power measurement by, 226 

— voltage and voltmeter tests by, 

218 

— wattmeter calibration by, 226 
Potier test, see Hopkinson, series, test 
Power factor, 131 

— in A.C. circuits, 131 

—.— polyphase circuits, 171,173 

— measurement by voltmeters and 

ammeters, 154 
Prefixes, 11 
Presspahn, 38 
Projector lamp, 434 
Protected motor, 342 
Proton, 7 

Pyrometer, resistance. 29 

— thermo-electric, 32 


QUANTITY, 9 , 83 
— meters, 201 


RADIANT efficiency, 393 

— heat, 59 , 393 
Radiation, 393 

Raphael's fault-localising bridge, 523 
Rating, 341 
Ratio box, 218 
Reactance, 128 

— of a three-phase system, 175 

— voltage, 274, 277, 280 
Reactive voltage, 134 
Reducer, 451 
Reduction factor, 412 
Re-entrant windings, see Multiplex 

windings 

Reflexion of light, 414 
Regulation of a transformer, 478, 479, 
482 

Reluctance, 71 
Remanence, 78 
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Repulsion instruments, i 88 
Residual magnetism, 78 
Resistance, efective, 136 

— equivalent, 467 

-of a three-phase system, 175 

— line, 289 

~ measurement of, by drop of 
potential, 221 
Resistances, standard, 220 

— eSects of, in transformers, 465 
Resistivity, 22 

Resistors, see Rheostats 
Resonance, 139 

— current, 148 
Retardation method, 369 
Reversal of polarity of generator, 300 

-rotation of generator, 299 

-motor, 336 

Rheostats, 22 

—, field, 297 
Right-hand rule, 236 

-screw rule, 66 

Ring for magnetic test, 88 

— magnetisation of a, 68 
Risers, see Commutator risers 
R.M.S. value, 121 

Rod for magnetic test, 8 g 
Rousseau's construction, 409 
Running costs, 513 


SCREW socket, 425 
Secondary cells, see Accumulators 

— standards of candle-power, 400 
Segment, 236 , 314 

Selective emission, 394 . 

Self-excited generator, 234 
Separately excited generator, 233 ,291 
Separation of losses, 367, 368 
Separators, 381 

Series resistance (for galvanometer), 

86 

— running of lamps, 431 
Series-wound generator, 234 , 292, 

294 . 296 , 527 

-motor, 329, 528 

-, test of, see Field's test and 

Hopkinson test 
Service mains, 6 
Set-up zero, 183 
Shaft, 311 

Short-circuit test, 475 
Short-circuiting (in commutation), 
270 

Short-circuits, location of, 526 
Short-run tests, 346 
Shunts, 185 


Shunt-wound generator, 234 , 291, 
294 , 296 

-motor, 328 

Siemens Halske battery booster, 448 

Silk, 37 

Sine wave, 116 

Sinusoidal, 116 

Skin effect, 143 

Slot, 286 , 313 

Smashing point, 427 

Solenoid, 66 

—standard, 85 

Sparking limit, 342 

Specific gravity of acid, 375, 376 

— resistance, see Resistivity 
Specimen, form of, 88 
Speed regulation, 332, 335 
Speeds of generators, 305 
Spool, magnet, 102 

Standard cell, see Clark and Weston 
Standards, legal and international, 13 

— of candle-power, 397, 400 

-- capacitance, 20 

-inductance, 20 

-resistance, 14 

Standing costs, 513 

Star connexion, see Y connexion 
Starter, see Motor starter 
Steel, 24 , 80 , 82 
Steinmetz law, 82, 353 
Step-by-step method, 97 
Storage cells, see Accumulators 
Sub-station, 6 
Sulphated cells, 375 , 386 
Sulphuric acid, 375 
Supply meters, 201 
Susceptance, 149 
Swinburne’s test, 366 
Switchboard, 3 
Symbols, viii 


TABLES— 

A. Resistivities, temperature co¬ 

efficients, etc,, 60 

B. Sizes, resistances, etc., of S.W.G. 

copper wires, 61 

C. Fuse constants, 56 

D. Permeability, etc., of iron and 

steel, 93 

E. Factors for demagnetising effect, 

94 

Carrying capacities and current 
densities of cables, 53 
Diameters and areas of stranded 
cables, 41 
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TABLES— 

Efficiencies of motors and genera¬ 
tors, 452 

Fusing currents of stranded fuses, 
57 

Magnetic properties of armature 
iron at high flux-densities, 26 S 
Numbers of poles for different out¬ 
puts, 306 

Relative copper for H.P. systems, 

509 

Tantalum, 419 , 425 
Target diagram. 429 
Temperature coefficient, 26 

— effect of, on insulators, 33 , 42 

— error, 187 

— rise, 28, 51 , 342 , 355 

— time constant, 343 

Thermal demand indicator, see Maxi¬ 
mum demand indicator 
Thermo-electric couple, 33 
Thermometer, see Pyrometer 
Third-brush generator, 457 
Thomson meter, 210 
Three-phase supply, 165, 506 , 507 
Three-wire and two-wire systems, 
comparison of^04 

— system, 499, 506 

-saving of copper in, 500 

Thury system of transmission, 528 
Tin, 56 

Toroid, see Anchor-ring 
Torque, 323 

" Trailing ” pole-tips, 254 
Train-lighting generator, 455 
Tramway, i 
Transformer cores, 485 
—, core type, 484 

— iron-loss current, 461 

— magnetising current, 462 

— no-load current, 461 

-impedance, 462 

—, shell type, 484 , 487 
—, step-down, 459 

—, step-up, 459 

— types, 484 

Transmission, high pressure, disad¬ 
vantages of, 498 

— voltage and distance of, 497 
Trolley-bus, 2 

Trough, cable, 516 
Tungsten, 419 , 421 , 426 
Turbines, 305 
Turbo-generators, 284 , 318 
Two-phase supply, 163, 50 S 


ULTRA-VIOLET light, 395 
Unipolar generator, see Homopolar 
generator 
Units, absolute, 12 

— C.G.S. system of, 9 

— gravitational, 11 

— M.K.S. system of, 535 

— practical system of, 10 
Utilisation efficiency, 414 


VACUUM, 419 , 424 
Vector addition, 125 

— diagram, see Crank diagram 
Ventilated motor, 342 
Ventilating ducts, 304 , 310 
Vertical distribution cur^'es, 40 S, 412 , 
Violle unit, 400 

Voltage and distance of transmission, 

497 

— regulation, 296 

— test by potentiometer, 218 
Volt box, see Ratio box 
Voltmeter test, 218 

— use of ammeter as, 184 
Volume-resistivity, 22 , 23 
Vulcanised fibre, 38 
Vulcanite, see ebonite. 


WATER power, 2 

Watthour meters, see Energy meters 

Wattmeters, 199 

Wave winding, 238, 250 

Weston standard cell, 14 , 19 

Wffieatstone’s Bridge. 222 

Windage, 355 

Winding of magnet spool, 102 
-for given ampere-turns, 

105 

-weight and resistance of, 

104 

See also Armature winding 
Wiring, 7 


Y CONNEXION, 160 . 169, 507 
Yoke, 234 , see also Bar and yoke 


“ ZED ” fuse, 55 
Zero instruments, 181 
Zinc, 56 , 57 



